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PREFACE

The Army Symposium on Solid Mechanics, 1980 was the seventh in a
series of biennial meetings sponsored by the Army Materials and Mechanics
Research Center (AMMRC) in Watertown, Massachusetts. A Work-In-Progress
Session(s) has been incorporated into these conferences since 1974
(called Ongoing Case Studies Session at the 1978 meeting). These sessions
are comprised of a series of brief presentations and discussions of
current, but not necessarily complete, research relating to the theme of
the meeting. Abstracts of these presentations are published in a
companion document to the regular proceedings; those presented at this
1980 symposium are published in AMMRC MS 80-5, dated September 1980.
Addresses presented during the operiing session of this symposium are
published in another companion document: AMMRC MS 80-6 dated September
1980, The transactions of earlier symposia are listed on page ii of
this document.

Participation in these symposia has broadened with time. Starting
with the 1972 meeting, papers have been solicited from in-house and con-
tract researchers and designers for the Navy, Air Force and other govern-
ment agencies, in addition to those for the Army. The symposium committee
has been oxpanded several times; its current membership is as shown on
page iii. These expansions were made in recognition of the fact that many
mechanics research and/or design problems are not unique to a szngle sor-
vice or government agency. :

Essontially, these symposia are a vchicle for enhancing the respon-
siveness of mechanics research efforts for the design of advanced military
systems, They also facilitate communications and coordination between and
among researchers and designers having common military theme interests,
whether they work for a government service or agency. industry, or at some .
university or research institute,

" No endeavor of tho'magnitude of this 1980 sywmposium could have been
successfully conducted without the enthusiastic cooperation and support of
many individuals and ovganizations. We greatfully acknowledge: -

The many authors. participants und session chairmen who made th:s
nonference such a success.

The munuscript reviewers from universities, industry @nd'government
" organizations, for their diligence in carrying out u thankiess task.

Max Williams, Dean of Engineering, University of Pittsburgh, who

 delivered a very interesting and relevant keynote address on "Coping With

Extremes for Structural Performanee "

And finally, the clerical staff of the Mechanics and Engineering
Laboratory and the Technical Reports Office of AMMRC for their unflagging
efforts in the proparation and printing of wumerous symposium materials.
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THE F-16 AND DAMAGE TOLERANCE

Larz M, Smith, Manager
Structures Technology

General Dynamics Corp.
Fort Worth Division
Fort Worth, Texas

ABSTRACT

The General Dynamics/USAF F-16 multirole fighter plane is one of the
first military aireraft designed from its inception to the new damage
tolerance specifications. The selection of materials and stress levels were
affected by these requivements and are described. The selection of
specific alloys of aluminum was predicated on a series of tests which are
discussed. The importance of realistic cyclic loadings im crack growth
testing along with environmental exposure is explained. This pregram
demonstrated that fracture approach to design is not only feasible but
practical and resulted in a durable, safe aivframe.

INTRODUCT ION -

The General Dynamics/USAF F-16 umultivole fighter is the newest and
wost mancuverable of the ncw generation warplanes, It is alse oune of the
first to be designed to damage tolerance requirements from ics iuaeption
and to be ccrtificd by successiul structural testing. '

The extreme wancuver factor coupled with a severe usage ang prolongod

“service life roquirvcment provided a challenging design task. This ctask vas
“additionally complicated by weight and performance roquircments as well as
-gost considerations, '

Essontially, the F=10 is an aluminun alloy airplanc. This waterial was
selected for both 1es efficicncy and its relatively low cost in comparison to
other high streagth materials. The particular alloy and temper of aluminug:
was selected by part size, toughnoss, erack growth characteristics, and
corrosion rosistance. Alumivum comprises about 80% of the airframe structur-

Cal weight aud is used for all primary structure except a few Fictings.

The structure is conventionadl scmi-monvcoque desige with simple straight=
forward arrangoment. The fusclage has aultiple bulkhicads and frames with few
longerons. The wing s multiple spar with few ribs or sciffuuurs. The aerang-
weut aud materials used arce shown in Figure 1.

AECKDING PAGE BLANK-ROT F1iN3D
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e EMPEANAGE SIS T
{Omited for Charit} ' TITANIUM .+ e reenneen 1.6%
COMPOSITES (vverunvns 2.7%

FUSELAGE [ 431 P 6,97

BULKHEADS
2124.T851 &
7474~T7351

1175-T736 FORGING
V.Y. ATTACH FITTINGS

6A1-4V Titanium (BA)

WING-UPPEFg‘SKIN H.T. Pivot Shaft

2024-18

WING-LOWER SKIN
147577361

WING SPARS FRACTURE. CONTROLLED HATERIALS
147577361

/ .
4 v WING ROOT FITTINGS LT rouumf.ss
;=" 7475-7361 PLATE ALLOYS -K.a-i —1“"“'—. s
i 2124-T85] 2
’ FIGURE 1 7475-T7351 100 (.500 PL)
7475-T7351 38 (> 1.01 L)
HY 180 »180
6AL=4Y (BA) 80

The requirements were based on MIL-STD-1530, MIL-A~83444 and MIL-A~ "
008866A and were spelled out in detaill in the F=-16 Aircraft Sttucturulf}{
Integrity Program Report, (ASIP document), The durability and damaga?" , _
tolerance analyses were required to be accomplished on a. fracture or evack .
growth basis, - S S

The damage tolerance requirement iz to provide safety in fiight, ~ This
requires (1) the assumption that critical parts contain a major initial
(manufactured) flaw, assumed to be undetected; (2) then be cycled (or flown)
for two complete design lifetimes with the flaw (crack) allowed to- grow; and
(3) after two lifetimes to withstand the maximum load ever expected in actual '
service to demonstrate that the crack had not reached critical length.

The durability (fatigue) requirement is to provide long life with mini=
mized maintenance or repair. It requires critical parts to contain small, un-
detected manufacturing defects which are permitted to grow but must not
cause functional impairment within ene lifetime, This effectively requires
that a crack shall not grow out from under the head of a fastener or through
a skin, since a fuel leak is defined as "functional impairment." '

AP TE O N b w‘ s 3
oL RS tanane S



Thus, it was necessary to determine the type, size, orientation,
location and characteristics of flaws in F-16 structural parts., These were
influenced by our nondestructive inspection methods and capabilities, the
form of construction and operating stress levels.

Basically, the F-16 flaw requirements are of two types; bolt hole
corner flaws and surface flaws., The sizes are shown in Table I and
requirements in Figure II,

TABLE I
REQUIREMENT
TYPE FLAW DURABILITY DAMAGE TOLERANCE
SURFACE 01" .10" TO ,25"
BOLT HOLE ,005" .05"

F-16 FATIGUE AND FRACTURE CRITERIA

e BASED ON MIL-STD-1530, MI1L-A-008866A AND MIL~A-83444

NO FUNCTIONAL IMPAIRMENT WITHIN ONE (1) SERVICE LIFETIME
_ & USEFUL ECONOMIC LIFE MUST EXCEED ONE (1) SERVICE LIFETIME
o ' DAMAGE TOLERANCE REQUIREMENTS:

| ® "ASSUMED FLAWS" WILL NOT GROW TO CRITICAL LENGTH IN TWO LIFETIMES

 —— -~ 0.10" T0 0.25"
- W ~ DEPENDING ON PLOVEN
- T S i NDI CAPABILITY
SURVACE FLAWS I _— } -

e |..-s-———'fo.05" CORNER FLAW

o . RESIDUAL STRENGTH REQUIREMENT AFTER TWO .LIFETIMES PER MIL-A-83444
. EXCEPT LOADS NEED NOT EXCEED OPERATIONAL CAPABILITY OF ATRPLANE, -

| BoLT-woLE ?mwS"}

ot ~
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One very significant requirement was the design life and type of usage.
The great maneuverability of the F~16 resulted in a severe usage spectrum with
regard to both the high "g" (load factor) levels and frequency of occurrence.
The air-to-air combat mission was increased to five times as many occurrences
as required by MIL Spec. This was further aggravated by the 15 year and
8,000 flight hour life designated for the F-16, The development of this
spectrum was significant for both analysis and testing. For crack growth
reasons it had to be as realistic as possible and was required for both small
specimen testing as well as the full-scale testing. It should be noted that
the fracture requirement dictates a randomized spectrum for high and low load
occurrences. The old style block spectrum is not satisfactory for crack
growth considerations. Details are shown in Table II,

TABLE I1 REPEATED LOADS SPECTRUM DEVELOPMENT

LOADS SPECTRUM ELEMENTS:

8000 FLIGHT HOURS - 15 YEARS

5776 SORTIES

12 MISSION TYPES

10 MISSION SEGMENTS

20 MACH-ALTITUDE COMBINATIONS 132 UNIQUE SORTIE LEGS

7 GROSS WEIGHTS

10 TYPES OF MANEUVERS

1,059,188 FLIGHT MANEUVERS PRIOR TO FINAL TRUNCATION FOR TESTING
o 782,096 Positive Nz Maneuvers

e 277,092 Negative Nz Maneuvers
& 6592 LANDINGS
o MISSION CATEGORIES
55.52 Air-Air, 20,0% Air-Ground, 24.52 General

SPECTRUM CHARACTERISTICS:

¢ RANDOMIZED QUANTITIES

® Sequence of 500«Hour-Segments
o Sequence of Maneuvers Within a Sortic Leg
e Sequence of Sortic Leg Manouver Spectra Distributed to Each Sortie

o DETERMINISTIC QUANTITIES

 ® Sequence of Flights Within a 500-Hour-Segment
o Sequence of Mission Sogments Within a Given Flight

6




Due to the limited scope of this discussion and the fact that the F-16 is
essentially an "aluminum" airplane, the remainder of this presentation will
deal with the fracture analysis and crack growth characteristics of the
aluminum alloys used in the airframe structure.

The fracture requirements caused selection of materials having high
toughness or slow crack growth, or both., An aluminum alloy screening
program was established utilizing available data and candidate alloys
were further screened in the General Dynamics Laboratory. The alloys
were grouped by types and selection made for each application such as;
(1) sheet, (2) plate, (3) thick plate, (4) extrusions, and (5) forgings.

Each alloy within each group was compared for both strength and tough-
ness. Further, a critical crack length was calculated for the F-16 projected
thickness and stress level. See Figure III for an example of comparisons.

FIGURE III
80 CQMPARISON OF DESIGN PROPERTIES
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Further testing was then conducted on one or two leading candidates in
each group to evaluate the effects of various exposures. This was accomplish-
ed by da/dn testing (crack growth rate) using specimens as shown in Figure IV
for exposure to high humidity and sump tank water. These two invironments
were selected after study of data available on aluminum.

It was found that one of the most
aggresive filulds experienced was the T
water that collects in the bottom
(sump) of the integral fuel tanks.
This comes from condensation within _;SZ)
the tanks as well as residue pumped D
from seagoing tankers and truck

tankers. It 1s more aggressive be-
cause of the salts that collect. ‘
Chemists have characterized the
"worst" of this water that has been
experienced in other alrcraft and
have standardized a formula for

test purposes as shown in Table 111,

COMPACT TENSION

4::::::3&}1 _/r:::::::a
The effects of these exposures i
varied with the different alloys. “T— ® - -— 1 ®
The data used to analyze a given part
depended on its location and thus the —— [T
more critical environment it experi-
ences. Many parts were critical
for sump tank water or high humidity CENTER CRACK
exposures, Examples are shown in
Figures V and VI,
FIGURE IV
TABLE I11
SUMP TANK WATER
(CHEMICAL COMPOSITION)

CaCl2 50 PPM CrCl3 . 6H20 : 1 PPN

Cacl, 1000 PryM CuCly . 2130 1 PPM

MgCl, 50 PPM l-‘eCl3 S PPM :

NaCl 100 PPM MnCl2 . 6“20 S PPM ‘

ZnCl, 10 PPM NICL, . 61,0 1 PPM E;

PbCl, 1 PM Distilled Water Balance ‘
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Based on the test data and cost studies, the materials shown in Table 1V
were selected., The larger fuselage bulkheads were machined from 2124 plate
because 7475 alloy could not be obtained in the thickness required. Spectrum
tests were then conducted on parts and speelal specimens,

TABLE 1V
TYPE PART ALLOY /TEMPER FORM i
FUSE, SKIN/FRAMES 2024-762 SHERT
FUSE. BULKHEADS (4"-6"t) 2124-1851 PLATE
WING LOWER SKIN (ORIGINAL) 72475~17051 PLATE
WING UPPER SKIN 20241851 PLATE
WING FITTINGS  (ORIGINAL) 7175-1736 FORGING
9
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The first development of this testing was rapid crack growth in the 7475-
T7651 aluminum alloy plate exposed to sump tank water. This was in spite of
our screening and its excellent toughness,

It was known that the retardation effect under spectrum loading is often
) predicated on a plastic zone at the crack tip that results from high load
: applications. The larger the zone the greater the ratardation effect (time to

grow through the zone)., See Figure VII,

This led to the idea that lowering the yield strength could increase the
time to grow to critical crack length. This was feasible in static strength
: design since the allowable stress had been held considerably below Ftu for
o fatigue and fracture purposes, The 7475~T7651 material was overaged at 350°
F to bring it to 7475-T7351. (yield lowered from 71 KSI nominal to 61 KSI
“f nominal.) In addition to the effect on crack tip plasticity, the overaged
: condition was felt to have increased corrosion resistance in the agressive
if sump tank water environment. The net effect of this somewhat unique "fix" was
: quite gratifying as shown in Figure VIII, All large plates in stock were
overaged and new material ordered to this temper. This alloy and temper is

used on all F-16 lower wing skins.

CRACK TIP PLASTICITY MODEL

Z0ME OF PETARDED CRACK GAOWTH

G BTGy e

oY

CRACK TIP

Wit ?
by = comen e 2o s1zt » L (72)

ny 32
& -monmvnmmsm--};,(,g—)
@ © CONSTANT DEPONDING ON STRESS STATE

FIGURE VII
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7475 COMPARATIVE TEST
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FIGURE VIII

The sccond development of the spectrum testing showed that the use of
the specification required initial flaw size of .25 in, (surface flaw)
length was unduly prohibitive in terms of lowered stress and the resulting
incrcased weight. It was established that .10 inch was an achievable size
to detect with fluorescent penetrant inspection. The experimental compari-
son is as shown in Figure IX, It resulted in a production shop demonstra~
tion program to prove the reliability of inspecting material fur a .10
inch flaw (crack) with 90% reliability at a 95 confidence level. ‘This
demonstration was not only successfully couducted in our factory but in
two others in Europe. '
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It should be noted that
initial testing was on 7475-
T7651 material. It took both
the material yield decrease
effect and the reduced initial
flaw size to i1.ach two (2)
lives of our design spectrum,
The result was to bring the
.10" surface flaw and .05"
bolt hole corner flaw into a
comparable degree of
criticality.

No attempt was made to
reduce the bolt hole corner
crack initial size by non-
destructive test means. We
felt that it was too ex-
pensive to inspect many
hundreds of holes per
airplane with the current
NDI techniques, There-
fore we accepted the specifi-
cation value for design and
require only visual iunspec-
tlon of holes.

CRACK LENGTH - INCHES
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SURFACE FLAW SIZE ~ FIGURE IX

Additional spectrum testing was conducted using both surface flawed
and bolt hole flawed specimens (Figures X through XII) to study the sensitivity

of numerous variables,

CENTER CRACK SPECIMEN

<& @ 2
v
{

- , e s

Q
@ O

FIGURE X
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The surface flawed
specimen tests were con- y ! ul e
ducted on various thick- :
ness and width plates
similar to the design
shown in Figure X. &

Specimen Load
Ram Stabilizer

The bolt hole Specimen
Loading
specimen test included Systea Test Section

variables of bolt size,
stress level and bolt
load transfer in -
addition to plate
thickness. The
fixture shown in
Figure XI was unique

3

for this type testing §i a
but was extremely ‘
valuable in assur- =
ing correct bolt ’*
load parameters and

Jolt * T Y - Bolt Load

in assessing their Ram Stabilizer

Loadicng
effects. Systea

!

—t

4 <

LOADED BOLT HOLE TEST SETUP

LOADED BOLT HOLE SPECIMEN

FIGURE X1TI
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i Table V summarizes much of the testing that shows comparison of the 2124
: and 7475 alloys. The 7475 was preferred because of its toughness and long
critical crack length., The 2124 alloy was used for machined bulkheads where
thickness exceeded that obtainable in 7475, This was acceptable design even
though the 2124 critical crack length is considerably shorter because the
2124 exhibited quite slow crack growth.

o=

TABLE V
COMPARISON OF ALUMINUM ALLOYS
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Some of the other comparisons are shown in Figures XIII through XIX.
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: The final analysis of each critical part required a theoretical analysis
f using a crack growth model since tests could not be conducted typical of every
: part. Also, design changes occasionally occurred after testing and the final
: part thickness and stress level changed.

x The spectrum crack growth analysis was conducted on a cycle-by-cycle
basis. Damage integration calculations were performed using a General
Dynamics CDC 6600 computer procedure. The basic model is expressed as

follows: acf*- T FAILURE ~ =~

‘ a = a, + e [Aai = da/dn = £( D k):l
';;’ ;;
WHERE
fi ‘ N -- cycles, f1lt. hours
f E a = Crack Slze After N Cycles of Spectrum Loading
a1 = Assumed Initial Crack Size
Z§a1> = Growth Increment

da/dn = Crack Crowth Per Load Cycle, n, Expressed as a Function
of O k. (Crack Growt. Rate)

,ZSB. Stress lntengity Range Defined for Each Load Half Cycle
' (Miuimum to Maximum) in The Spectrum
The busic da/dn rate is generally modified for spectrum retardation
- ‘effects using The Wheeler Retardation Medel. Retardation exponents wmust be
establisb~d empirically through corrvelation of crack growth tests, The
stress. intensity factor (K) relates crack geometry, stxuctural geomatxy.
und applicd Lloading -to loual erack tip stresses. '

The struss 1ntensicy fuctor was selected in uccordance with the type
of flaw geometry., The da/dn rate was selected for the most severe assumed .
- environmental exposuve expericnced by the particular part. An example of ;
the correlation fs shown in'ﬁigure XX. Tt should be noted that the wain o
variable used in curve fitting was The Wheeler Model retardation

exponent w. The final eurve used for design-was ulways kept to the 1n£t or
conservative side as shown in Figure Kx.
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EXPERIMENTAL CRACK GROWTH RESULIS
AND MODEL CORRELATION
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The F-16 damage tolerance analysis and test program showed that this
approach is not only feasible but practical. It has resulted in a durable,
rugged structure that is safe and economical to maintain., The impact on
weight and cost was kept minimal by being selective of parts designated “frac-
ture critical,” They were required to be safety-of-flight structural parts
designed by fracture allowables. In the F-16 design these were held to 82 parts
per airplane,

In designing to these specifications we learned that the single most

 important item is to select fracture resistant materials. Secondly, we found

it necessary to test with realistic spectrum loadings and cnvironments on
production material with typical processing and finish., Lastly, it is still
necessary to use geod design practice with rcasonable stress levels., The cost
difterential for fracture requirements is not known precisely but is felt to be
swall, The weight penalty was less than 1% of the basic flight design gross
welght which 18 used in establishing performance.

In summary,'thn fracture approach yields rugged, safe designs but requires
cugincering judgment and a good data base of material properties.

‘.n'
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ABSTRACT

This paper summarizes recent and ongoing Army Armament Research and
Development Command (ARRADCOM) tests for the development of design criteria
for acceptor structures subjected to low-to-intermediate range external blast
pressures. Test procedures and results, and design criteria are presented
for pre-engineered buildings (low pressure range) and for structural steel
buildings subjected to blast loads up to 6-8 psi. The data presented in this
paper, together with two of the referenced reports, should be implemented in
the blast-resistant design of steel structures within facilities for
manufacture and storage of explosive materials. -
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INTRODUCTION

Modern day Army Ammunition Plants require protection for facilities and
personnel from the effects of an accidental explosion. Most previous work in
this field has concentrated on the so-called "close-in" effects where
protection was provided for facilities in the immediate proximity of a
potential explosion. However, the majority of the affected personnel are
located in adjacent process or office buildings separated at either intraline
or inhabited building distances. Previous designs provided little or no
protection for these personnel from the results of damage to their structure
caused by an explosion in an adjacent building.

Therefore, in order to provide protection for personnel in "neighboring"
buildings, ARRADCOM has untertaken a test program to develop criteria for
structural steel buildings which will resist the effects of external blast
Toads. This program was performed in two phases. The first phase consisted
of tests of pre-engineered structures to be used at low overpressure levels
corresponding to inhabited building distances (ref. 1). Phase Two consisted
of tests of strengthened structural steel buildings to be used in intraline
distances. Both buildings were extensively instrumented to record applied
blast loads as well as structural response to these loads.

This paper describes the series of blast tests performed on the
pre-engineered and strengthened steel buildings at the U.S. Army Dugway
Proving Ground, Utah, between February 1977 and June 1979. The behavior of
each structure 1is described and the recorded damages are evaluated and

compared with those predicted by the methods and criteria listed in
References 2 and 3.




PRE-ENGINEERED AND STRENGTHENED STEEL BUILDINGS

GENERAL

In the design of steel buildings to withstand the effects of High
Explosive (HE) and other types of explosions, standard structural members can
be utilized for structures Tlocated in pressure ranges of 10 psi or less.
Standard pre-engineered buildings which are normally designed to resist dead,
wind, seismic and other conventional loads can, with some modifications
(particularly when ultimate dynamic strength is considered and inelastic
deformations are permitted), resist relatively large blast overpresssures.

Significant factors in the evaluation of the blast capacity of
conventionally designed structures include the difference in the relative
proportions of lateral and vertical design loads for conventional structures,
and the differences in the dynamic response of secondary members relative to
that of the frames. Quite often, it has been found that for blast-resistant
designs, the capacity of the frame members (in the case of the pre-engineered
structure selected for conventional loads) greatly surpasses those of the
supporting members (girts, puriins) and, therefore, modifications will be
necessary.

Hence, in order to verify those modifications which will produce
increased capacity in both structures and to identify unknown shortcomings of
pre-engineered and strengthened steel buildings, a series of tests were
performed at Dugway Proving Ground. Enough tests were performed on both
structures such that a qualitative evaluation of the buildings' responses to
blast loading could be made.

TEST DESCRIPTION

A total of thirteen tests, each utilizing approximnately 2,000 pounds of
nitro-carbo-nitrate, were performed on the structures - six tests on the
pre-engineered building and seven on the specially designed steel building.
The location of the charge during each test depended on the desired
overpressure at the building. It was observed during the first few tests
that the actual incident overpressure at the building was 10 percent Tower
than the anticipated value and, consequently, the distance was appropriately
reduced.

Both the pre-engineered building (a modified version of the STR4 Series
produced by the Star Corporation) and the strengthened steel building had the
same overall dimensions; namely, 80 ft (24.4 m) long by 20 ft (6.1 m) wide by
12 ft (3.7 m) high. The pre-engineered building was oriented such that the
long side of the structure faced the explosion. Its walls and roof consisted
of 24-gage cold-formed metal panels having a static yield strength of
approximately 80,000 psi (551,000 kPa). Certain modifications were made to
the pre-engineered structure. These included increasing the number of
Z-shaped girts to two per side. The sizes of both the panels and the girts
were increased from 26- to 24-gage and from 8 in (0,20 m) by 3 in (0.08 m) by
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0.0642 in (1.63 mm) to 9.75 in (0.25 m) by 4 in (0.10 m) by 0.13452 in (3.42
mn), respectively. The sizes of the purlins were also increased from 8 in
(0.20 m) by 3 in (0.08 m) by 0.0642 in (1.63 mn) to 8 in (0.20 m) by 3 in
(0.08m) by 0.0842 in (2.13 mm). Modifications were also made to the
foundation (made heavier and column footings tied together by floor slab) to
insure that any resulting structural damage would occur within the structural
steel portion.

The specially designed and fabricated columns, girts, beams, girders and
purlins of the strengthened steel building were wide flanges with a minimum
static yield stress of 36,000 psi (248,000 kPa). The walls and roof panels
consisted of 18- and 20-gage cold-formed steel panels with a minimum static
yield stress of approximately 33,000 psi (227,500 kPa).

Both structures were subdivided into four bays in the longitudinal
direction, each of which was approximately 20 feet (6.1 m) wide., The primary
structural framework in the transverse direction consisted of five rigid
frames, except in the pre-engineered building where one of the end-frames was
a "post and beam" setup. This type of frame obtains its strength to resist
sidesway loads by its interaction with the wall panels, thereby producing
diaphragm action.

The structures were extensively instrumented with accelerometers,
deflection, pressure and strain gages, to record applied blast loads as well
as . structural response to the loads. Figures 1 and 2 show the location of
the charges and instrumentation arourd the structures.

TEST RESULTS

(A) PRE-ENGINEERED BUILDINGS

Table I summarizes the pre-engineered building test results, including
free-field pressures; frame, girt and panel displacements; and a brief
description of typical damage for each test.

A minimal amount of damage was incurred in Test 1 (0,27 psi) which
consisted primarily of the enlargement of the sidewall panel screw holes
along the panel seams, This damage was attributed primarily to the
interaction between sidewall frames and the panels which served as diaphragns
in stiffening the frames against horizontal motion, thus reducing the
sidesway motion. The repeated opening and closing of the panel seams during
the test (as observed through motion pictures taken from the structure's
interior) were the major source of the pressure buildup within the structure,
as recorded by Gages P15 through 17.

Similar damage was incurred in Test 2 (0.56 psi). In addition to the
roof, small permanent gaps were formed at the panel seams of the rear wall.
Screw hole enlargements formed in the first test were further enlarged,
Although the locked door (resistance to opening provided solely by the hinges
and striker) opened during Test 2, the pressure buildup in this test was not
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TABLE 1. SUMMARY OF PRE-ENGINEERED BUILDING TEST RELULTS

PEAK RELATIVE HORIZUWTAL DISPLACLMENT

T

FREE-FIELL PRESSURE FRAME GIRTA PANEL

Test
No. psi {(kPa) in (mm) i

{min) in (uwn) DAMAGE

1 0.27 (1.80) 1.7 (43.2) 0.8 (20.3) 0.6 (15.2) (1) Enlargement of side wall panel 3
screw holes. B
1.0 (25.4) {2) Small gaps hetween screws of roof
panel seams.

2 U.55 {3.79) 2.1 (b3.3) b b b b (1) Further enlaryement of side wall P
panel screw holes. d

2.4 (61.0) {2) Small gaps between screws of backwall

panel seams., N

{3) Door opened outward. 3

3 u.74 (5410} 31 (78.7) 20 (63.5) 1.1 {27.9) (1) Bent anchor bolt.

3 (76.2) (2) tront wall panel kinked along lower
girt and pulled out at base of a few
points.

{3) Screw head pulled through front wall
panel dt columns.

{4) Sowe twisting and teariny of girt
clip angles.

{4) Door opened outward,

4 10 (vs89) 3.8 (Y0.5) 47 (119.4) 2.4 (61.0) (1) Further twisting and tearing of yirt
clip angles.
4.1 (104.1) (2) Shearing of some girt connection
volts without collapse.
(3) Tuisting of girts.
(4) Front wall panel anchorage pulled
uut,
{5) Further kinking ot front wall panel.
() Plastic deformations of girts,

5 1o (se27) 4.1 (lU4.1) b

b Ju8 (Yub) il) Further tuisting of girts,
4.6 (121.9)

2) Kinking of tfront wall panel at cach
girt and between girts,

(3) Front wall pane) anchorage completely
putled out,

(4) Panel screw holes pulled turough at
girts,

(%) Plastie deformations of frame, girts

et e e e et et e en e e e AL EPONL wal) pabwl,

i&‘:.‘
i
3
e
5

A A e A

b 143 (B.96) 49 (120.b) 4.9 (124.)€ o8 (lEb%4) (1) vamage to tront wall panel and girts
similar to Test Y.
(z; Buchling of root purlin webs, :
(3) Some buckling ot trame yirder tlanye. ‘
(4) Plastic deformations ot trame, girts j
e and tront wall panel. i

aYalues are glven for upper ond lower girts.
Ulip mcasurements wore mado.
CQuestionable value.
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significantly greater than that of Test 1. The door did not open in the
first test. This is a further indication that the primary source of pressure
leakage into the building was through the gaps formed at the seams.

The structural damage in Test 3 (0.74 psi) was more extensive. The
front panel buckled at points where it was supported on girts. In some
places, the panel was slightly disengaged where it was fastened to the
foundation. This damage was attributed to the inadequacy of the detail used
for attaching the wall panels to the foundation slab. An improved detail
using steel angles attached to the concrete by anchor straps is required for
blast-resistant design.

The major structural damage which occurred in Test 3 consisted of the
bending of one of the column anchor bolts and the twisting of several of the
girt angle connections to the columnns. The twisting is attributed to the
pgne] attachment to the Z-shaped girts which produced eccentric loads on
them.

The damage that occurred in Test 4 (1.04 psi) was similar to that of the
previous test but somewhat more: severe, The increased loading produced
tearing of several of the girt ‘angle connections to the columns as well as
failure of several of the girt connection bolts. Damage to the blastwall
panels was more severe, especially in those areas damaged in the previous
test.

The resulting damage in Test 5 was somewhat similar to that in the
previous tests. Further twisting of the girts occurred. Some enlargement
of bolt holes at several girt/column connection occurred where high-strength
bolts had been used. Permanent deformations of the main frames, girts and
paneling were observed. ;

The damage incurred in Test 6 was essentially the same as that which
occurred in Test 5. However, the major damage occurred to the rear side of
the building which, in this test, was the blastward side. Permanent frame
deflections produced in prior tests were reduced in this test.

(B) STRENGTHENED STEEL BUILDING

Table II sunmarizes the strengthened steel building test results,
including the free-field pressures; center, end, longitudinal frames, girt
and panel displacements; and a brief description of typical damage for each
test.

Tests Nos. 1 and 2 were left out of Table Il because of failure of the
measuring instruments during both tests. However, the only damage observed
ggring Test 2 was a crack that appeared at the concrete base around Column

A minimal amount of damage was incurred in Test 3 (3.2 psi). The
overlapping panel joints were opened approximately 3/8 inch half way bLetween

.
5
4
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Test
WO

FREE-FIELL PRESSURE

TABLE 11,

SuMmARY UF STRENUTHERED STEEL BUILDING TEST RESULTS

PEAK HORIZUNTAL DISPLACEMENT

CTR _FRAwE

GIRT"

PANEL

psi

(kPa)

in

(en)

in

(1m)

in

{mmn)

DAMAGE

3

3.20

(22.06)

1.29

(32.8)

2,01

1.6%

(51.1}

(41.9)

1.65

(41.9)

n
{2)

(3)

Overlapping panel joints on blastwdrd
wall were opened 3/3 in (0.9% cm)
halfway between Frames 2 and 3.

Three foundation mounting screws at
the panel joints at Frames 3 and 4
were pulled out.

Slight web crippling at the center
girt near center frame.

3

{ea.13)

(39.9)

0.79

(o.1}

¢:96
2.5%

(15.2)
(64.8)

(1)
{2)
{3)

Panels were torn loose from
foundation on blastward wall,

Roof panels buckled between twuy
purlins.,

The concrete at the d4-inch anyle iron
foundation connection showed moveuent
av _the anyle,

(36.01)

0,97

{24.0)

2.34
2'32

(59.4)
(58.9)

0,00

(16/4.6)

m

(2)
(3)

Web erippling in wall panels on
Wall & by ltower girt,

Pangls on Wall A opencd at seams.
vuckling of reof panels,

{46.8¢)

1.3

(28.7)

2.9
2.41

(69.8)
(61.2)

1,58

(192.5)

m
()
(3)

e 3

Web crippling in Wall & at foundatton
Juint, ond the ower and middYe yirts,
Rinor web crippling at the girt
connectimyg hat sections.

Cofunn 2A showed three broken
foundation bolts, Examination
proved that wo of tnese were -
improperly instalied,

4.21

(¢9.03)

1.¢y

{32.4)

2.0b
3.09

(be.l)
(93.7)

1.81

{46.0)

m

)

wall B was ripped 10o0se from
foundation,
Web erippling in Wall §,

Roof flashing rouoved botween

Frames ¢ and 4,

*Absoluta displacemonts of girts are listed here.
girt at coluwn trom displacement.

Relative displaceinents are obtained Ly subtracting displaceupnt ut
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Frames 2 and 3. In some places, the panel was slightly disengaged where it
was fastened to the foundation and girts. Gage D13 recorded a displacement
of 1.78 inches which corresponded to a vrotation of the supports of
approximately 4 deyrees. This value is greater than the reusable criteria of
0.9 degree for a cold-formed member. The damage is attributed to the
connection detail at the foundation and its effect is to relieve the loading
on the panel, thereby reducing its deflection. Slight web crippling was also
observed at the center girt near the column.

More extensive damage was apparent in Test 4 (3.5 psi). The blastward
panels were torn loose from points where they were supported at the
foundation and girts. The roof panels buckled under the increased loading at
points between purlins near the blastward wall (Wall A).

The resulting damage in Test 5 (5.31 psi) was similar to that in the
previous test. However, damage was now incurred in one of the sidewalls
(Wall 5). Some web crippling was also apparent in the wall panels in Wall 5
near the Jower girt and the buckling in the roof panels between the first two
purlins (observed in Test 4) increased. o

Repairs, as in other tests, were done to the structure before Test 6
(6.79 psi). Damage to Wall 5 was more severe than the previous test; this
included web crippling at the foundation joint, and the lower and middle girt
for tr$IIU]] width. Some web crippling was also observed in the upper girt
in Wa . ,

The major structural damage which occurred in Test 6 consisted of
failure of some of the foundation bolts. Examination of the connections
showed that two bolts were properly installed, but two others on the easterly
side were 3mproperly installed (cut off was essentially at the floor wall)
and one of these failed. _ _

The foundation bolts that faiied during the previous test were repaired
before Test 7 (4.21 psi). Alwost all the panels in Wall B vetween Frames 2
and 5 were ripped loose from the lower girt and foundation, and some of the
panel seams opened (Wall B was the blastward wall in this test). Web

crippling was apparent on all girts and some of the purlins buckled under the

-~ blast lead. Slight damage was observed in the wall and roof panels; this
included missing foundation screws at the panel jornts in Walls 1, 5 and A.

EVALUATION OF TEST RESULTS

This section discusses the test results on both structures in terms of
the measured deflection responses and observed damage levels of the main

frames, blastwall yirts and panels. The evaluation of these results on the

basis of dynamic analyses is also presented.
Several factors affected the frames' responses. The most significant of

these factors was found to be the negative phase of the pressure loadings.
Figures 3 and 4 present plots of the front wall pressure. backwall pressure

- 30

LS e i A




(SW) 3WIL
oS!

0oz

€ 3s9l J404 ju3wadydsjg h»:avvvm
pue saunssauagd Buypipng pad3aujbuz-asd ¢ aanbjy

ANINIOVILEIa AYM

$30i8

1681~

~——"

V|6O0'S+]

S34d TIVA| ¥V3IY
—————
JUNSSFTUd TIVM [LNOH I

LT

B
N
¢
=




] T
- &0 500
5 3
40 .
| § - FRONT WALL PRESSURE - 7
‘ (GAGE P4) -
. 200
~40
10 60
"i ‘ REAR 'ALL PﬂESSUR e
= (GAGE P10) »
g ao- o 3
. o s
W s
& -0 , <60
g 1.0 , , r .
: | SIDE - SWAY DiSPLACEMENT, r 200
'g' [iGAsE 02) »
é W
& -0 [ ~200-

O 4 00 20 kO 200 240 200
TIME (MILLISECONDS)

Figure § Stt .ngthened Steel Bailding Pressures
and Sidesway Displacement for Test 3 -

32




and sidesway displacement versus time for Test 3 {(0.74 psi) of the
pre-engineered building and for Test 3 (3.2 psi) of the strengthened steel
structure. It is seen that the peak reflected pressure on the front walls of
both structures is about twice the incident value, as expected. However, the
peak backwall pressures range between 30 to 80 percent of the incident
pressures, far less than expected.

The displacement curves for these tests show the sidesway buildup due to
the loading, followed by a significant negative (rebound) displacement, and
the peak positive displacement occurring in the second cycle after all the
blast loading was off the structure. This behavior can be explained by the
phasing of the blast loading as follows: the first peak is a result of the
net positive loading on the building walls (front wall minus rear wall
pressure). As the frame starts to rebound, the negative pressire on the
front wall and the positive pressure on the rear are both acting in the same
direction and in phase with the rebound. This combination of events produced
a peak negative displacement which is greater than the positive displacement.
A second positive displacement, which is greater than the first positive
displacement, is produced by the rebound of the structure from the negative A
displacement combined with the negative phase of the loading on the rear : A
walls. At higher pressures, the negative displacements were nearly equal to ’
the positive displacement. This is due to the plastic deformation in the
frame. - :

" Other factors which affected the frame responses of both structures
were: o

. the buildu;i of internal pressure, resulting primarily from leakage
through the seams of the panels, and

. the responses of the secondary members (purlins, girts, wall and
roof panels) relative to those of the frames.

Through a series of dynamic analyses performed on the frames, using the

computer program titled “Dynamic Non-Linear Frame Analysis" referred to as

DYNFA (ref. 4), it was concluded that these factors had some impact on the

frame responses in the plastic response range. In the case of the

pre-engineered building, the interior pressures had a greater effect on the

plastic deformations of the frame members than on the- overall sidesway

: responses of the frames. This appears reasonable when one considers that the

- ¢ plastic deformations in the frame occur in local bending modes of the

individual members., - Since these modes have small periods of vibration, they

are extremely sensitive to the peak pressure. On the other hand, the

. sidesway response of the frame is low frequency in nature and, therefore, is

¢ more dependent on the total impulse of the loading rather than on the peak
pressure.

The pressure gages, located in the interior of the strengthened steel
building, recorded insignificant pressure levels which were, on the average, -
only 16 percent of the incident pressures, .compared to 40 percent: for .the
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pre-engineered structure. Cousequently, no analyses were done to determine
the extent to which the responses of the frames of the strengthened steel
building were affected.

The interaction between the secondary members and the main frames was
considered in the dynamic analyses for Tests 3 and 4 of the pre-engineered
and strengthened steel buildings, respectively. The results of these
analyses are given in Figures 5 and 6 in terms of horizontal sidesway versus
time curves for the center frames. The curves show that the responses of the
secondary members did not significantly alter the first half-cycle of the
sidesway response of the center frames. However, the rebound of both frames
was significantly altered. ‘ ’

In the case of the pre-engineered structure, the rebound of the frame
was significantly diminished and it was concliuded that this occurred because
of the large amount of energy absorbed by the plastic deformations of the
girts. The remaining energy was transferred to the frame, thereby resulting
in elastic rebound of the frame. However, the rebound of the frame of the
strengthened steel building was increased due to the fact that a greater
amount of energy was transferred to the main frame than was absorbed by the

secondary members during deformations. The models used in the computer

analyses are shown in Figures 7 and 8.

The ductility ratios and rotations associated with the girt
displacements listed in Tables I and Il have been compared to the design
criteria presented in Reference 2 as follows:

1. The 2.5 in (0.064 m) of the upper girt of the strengthened steel
building in Test 4 ({3.% in) corresponds to a roation of 1.19
degrees, which is between the reusabie criteria of 1 degree and
non-reusable c¢riteria of 3 degrees. The corresponding ductility
ratio is 1.25 based on an elastic deflection of 2 in (0.051 m).

2. The 4.8-in (0.122-m)} deflection for Test 5 (l.2-psi incident
-~ pressure) of the pre-engineerad building corresponds te a ductility
ratio of 1.4 which is between the reusable (1.25) and non-reusable
(1.75) criteria values. Here, extensive twisting of the girts
occurred, ‘which would vrender the meémber non-reusable, which is
consistent with sthe actual rotation of 2.3 degrees compared to ‘the
criteria value of 1.8 degrees. _

To further evaiuate the g%ra responses, single degree-of—freedom
analyses were performed for the actual pressures on the blastward wall that
were measured for Tests 3 and 4 of the pre-enginecred and strengthened steel
buildings.  Comparisons of the analytical and ‘measured girt responses for
these tests are given in Figures 9 and 10. In the first case involving the
pre-engineered building, the computed displacement was greater than the
measured value; whereas for the strengthened steel building, the reverse was
truoi The dxscrepancmes between the ﬂeasured and’ computed girt responses
resu t fvom. A : _ _

:
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1.  The pressure buildup inside the pre-engineered building.
2. The interaction between the girt and frame responses and

3. The effect of the actual yield stress of the material used to
fabricate the girts. The actual yield stress of the material used
for the girts of the pre-engineered structure was not determined by
tensile testing and, therefore, the analyses were based on the

- minimum specified »ield stresses for the material used to fabricate
these components of the building. In the case of the strengthened
steel building, the actual yield stress of the macerial used to
fabricate the girt was used in the single degree-of-fieedom
‘analyses.

The peak panel displacements of the pre-engineered building given in
Table I were measured relative to the girts. The measurements are for a
section of panel spanning between girts, which is assumed to behave more or
less as a fixed-supported beam. On the basis of the measured response
records for the panel and post-shot dynamic analyses, it was concluded that
the panel measurements recorded was not accurate. This was attributed tc the
manner in which the panel displacements were measured (i.e., subtraction of
absolute measurements of girt and panel deflections), the high frequency
nature of the panel response and the excessive damage to the panels which
made correlation between measurements and analysis possible.

For the strengthened steel structure, the recorded panel displacements

“already account for the displacements of the girts, Based wupon past

experience with the pre-engineered building, the deflection gages were
mounted to frames which were attached to the members (purlins and girts)
supporting the panel. Thus, a direct measurement of panel displacements were
obtained. For Trial 6, the 4-foot long panel (distance between girts) showed
a 7.6-inch displacement during rebound. This corresponds to a rotation of 18
degrees, which is far greater than the reusable criteria of 0.9 degree. The
opening of the panel seams and the pull-out of several screws connecting the
panels to the foundation are consistent with the criteria. The effect of
this was to relieve the load of the panels. Test results also showed the
inadequacy of the roof panels. Buckling of the panels was evident after all
the tests. A displacement of 1.87 inches during Test 7 (which corresponds to
a rotation of 3.6 degrees) and the raising of the panels at their seams are
consistent with the reusable criteria of 0.9-degree rotation.
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COMPARISON OF THE PRE-ENGINEERED AND STRENGTHENED STEEL BUILDINGS

The first section of this paper dealt with the test performed on the two
steel buildings. The tests were described and evaluated for each structure,
and the results were compared to the design criteria presented in References
2 and 3.

To further wunderstand the behavior of the pre-engineered and
strengthened steel buildings, and to pinpoint the similarities and
differences in their responses to dynamic (blast) loads, the two structures
are compared in this section.

The overall dimensions of the structures were identical; namely, 80 feet
long by 20 feet wide by 12 feet high. Both structures were subjected to
several tests involving the detonation of 2,000 pounds of nitro-carbo-
nitrate of different locations around the buildings. The measuring gages
were located at the same positions on the structures (except for the interior
pressure gages and those gages monitoring the behavior of the longitudinal
frames), thus allowing for a comparison of the responses of the two
structures to blast loads.

MAIN FRAMES

A typical interior rigid frame of the pre-engineered building comprised
of two columns and a girder which were fabricated of place stock having a
minimum static yield stress of 50,000 psi. The center (typical) frame of the
strengthened steel building consisted of hot-rolled W-shaped members with a
minimum static yield stress of 36,000 psi.

The responses of both structures to normal blast waves were very
similar; namely, a positive peak displacement followed by a negative
displacement, as the wave front travelled from one end of the frame to the
other. Both structures showed a significant (maximum) sidesway displacement
after all the loading was off the structures. However, at higher pressure
levels (peak side-on cverpressures of approximately 1.3 psi), some plastic
deformations were observed 1in the columns, g¢irts and panels of the
pre-engineered building. No plastic deformations were observed in the
strengthened steel building, although buckling of the wall panels occurred in
the latter tests.

The Tongitudinal frames could not be compared because no pressure gages
were positioned to monitor the behavior of the longitudinal frame of the
pre-engineered building.

SECONDARY MEMBERS

The blastward girts of the pre-engineered building consisted of Z-shaped
members, 20 feet long and an ultimate flexural resistance of 16.6 kips. The
outer flanges of these girts were securely fastened to the wall panels,

42




whereas the inner flanges were unbalanced. This resulted in greater
deflections of the girts during rebound and, consequently, for peak side-on
overpressures as low as 0.74 psi, the clip angles connecting the girts to the
columns were twisted. As the peak side-on overpressure increased, the girt
connection bolts failed, and in those members whose connections survived the
blast loads, plastic deformation was apparent. The only damage to the girts
of the strengthened steel building was slight web crippling observed after
all the tests (Pgo = 3.2 through Pgy = 6.79).

Test results showed that the panels in both structures failed at higher
pressure levels. Due to the inadequate connection details at the panel
seams, the interior pressure levels were vrelatively higher 1in the
pre-engineered building than in the steel building. Thus, the effects of
these pressures (interior) were more significant in the analyses of the pre-
engineered building.

In the evaluation of the effects of the secondary member displacements
on the responses of the frames, it was observed that an excellent correlation
of the first half cycle of the sidesway responses of both structures was
obtained between analysis using the basic frame model and that using the
refined model. However, during the rebound phase, analyses showed that the
center frame sidesway displacement (in the pre-engineered building) was lower
than shown in the test results. The opposite occurred in the case of the
strengthened steel building, This is believed to have occurred because a
larger amount of energy was absorbed during the plastic deformations of the
g}rtz 12 the pre-engineered building, thus reducing the effect on the rebound
of the frame.

Since no gages were furnished to measure the responses of the purlins in
the pre-engineered building, no comparison could be made for these secondary
elements.

The ductility ratio for the columns and girders of the pre-engineered
building approached the non-reusable design criteria of 6 for an incident

- pressure of 1.0 psi and exceeded it as the pressure increased to 1.25 psi.

The girders of the strengthened steel building also approached the criteria
at 3.b-psi side on overpressure and exceeded the limit &s the pressure
increased to 4.15 psi.

CUNCLUSIONS AND RECOMMENDATIONS

Based upon the test evaluations presented in the preceding scctlons. the
following conments are offered:

1. Use of pre-engineered and'strengthened steel buildings to provide

protection at ove:rpressures ranging from 2.0 psi to about 6.79 psi
are practical.
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3.

4.

5.

In the case cf the pre-engineered building, some modifications will
be needed to insure that the blast-resistant capacity of the
individual structural components are consistent.

Other building revisions that may be required of both structures to
fully develop the full capacity of the structure include:

a. Provide bigger washers or provide other means to prevent the
heads of screws from pulling through the metal.

b. Strengthen the connection of wall panels at the foundation.

Cc. Use high-strength bolts and increase capacity of anchor bolts
to be consistent with the blast capacities of the structures.

d. Increase the resistance of the wall panels by increasing the
size of the cold-formed panels.

Dynamic analyses to evaluate the blast resistance of the main
frames and secondary members (purlins and girts) should include the
following effects:

a. The negative phase of the blast pressure.

b. The interaction between the responses of the secondary members
and the frame responses.

The interaction between the sheet metal panels (siding and roofing)
and their supporting members (girts and purlins) should be
considered in evaluating the blast resistance of panels used on
pre-engineered buildings. ‘
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C3 SHELTER DESIGNS FOR THE TACTICAL BATTLEFIELD
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ABSTRACT

Preliminary designs of two new Command, Control, and Communications
(C3) shelters for the tactical bat:iiefield have been formulated. The
hostile threats accounted for in the designs include tactical nuclear
weapons, fragmenting conventional munitions, and attacks by electronic
warfare equipment and by chemical/biological agents. Inasmuch as the
sequence in which these threats may be employed is unknown, various
scenarios were considered, The conventional design requirements stemming
from operational and ambient environmental conditions (e.g., deployment,
temperature extremes, etc.,) were also imposed. The designs were severely
limited in weight and physical dimensions because of such requirements
as transportability on standard DOD vehicles and efficient usability of
inner space for crew and a variety of standardized equipment. This
paper discusses the various expected environments and loadings and the
predicted structural behavior. An extensive program of analysis and
testing has been initilated to simulate loadings and responses. The
planned validations include specimen tests, and model and full-scale
simulated tests in shock tubes and in the field. Currently available
results from this program and results from earlier efforts which form
the basis of the preliminary designs are presented. Design trade-offs
affecting weight and cost are briefly discussed. Present indicati us are
that the novel wall design concepts provide a viable means for hardening
ghelters but at the expense of appreciable weight and cost penalties.

INTRODUCTION

Current DOD plans call for HArdened Tactical Shelters (HATS) to
complement the currently operational and unhardened $-280 and $~250
versions (see Figures 1 and 2). These command, control, and communications
shelters must survive under the "most severe situations' that can be '
associated with a number of hostile threats including nuclear weapons,
fragmenting conventional munitions (hereafter referred to as conventional
weapons), and attacks by chenicel/biological {tB) agents and radiation
from electronic warfare equipment. Thus, the new designs must strive
towards a degree of hardening compatible with the military specifications
reflecting the anticipated threat levels from various types of attack. .

T S N R
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Three important further stipulations need be stated to point out
some major design implications. First, the most severe conditions
should be considered in design. Two examples illustrating this point
are: (1) the fragments impinge normally into the shelter walls, and
(ii) the shock wave propagation is such that it results in the largest
and most damaging loads. Thus, several shock directions need be considered,
since different directions may be critical for different shelter structural
components. Secondly, it should be assumed that the nuclear, conventional
warfare, and CB threats can occur in all possible combinations and
sequences, e.g., a CB attack preceding or following a nuclear attack,
a conventional warfare prior to a nuclear attack, etc. (In these com-
binations, a single nuclear encounter may be assumed.) Two example
implications raised by this point are: (1) the shelter skins may be
allowed to yield but they shall not tear following a nuclear blast
encounter, to preclude entry of contaminants from a subsequent CB attack,
and (ii) the fragments from conventional warfare (of specified size
and velocity) shall not pierce the conducting inner shield, to preclude
severe degradation in shielding provided for protection against electro-
magnetic pulse (EMP), electromagnetic radiation (EMR) and electromagnetic
interference (EMI). Thirdly, the requirement that the shelter shall
survive to allow mission completion should be interpreted as follows:
(3) the shelter structure shall have sufficient strength to protect
the equipments inside so that they would remain fully operational after
attack(s), and (ii) the sheliter structure shall have sufficient rigidity
to limit the maximum deflections at the centers of the wall panels to
less than prespecified levels so as to avoid wall impacts with equipment
racks placed nearby. Also, the permanent deformations, should they
result, shall not impair the operation of equipment, doors, etc.

With the threat levels given in quantitative tarms later, and in
view of the brief discussion above, it should be apparent that the design
conditions will be most severe. They will include large thermal inputs
coupled with high dynamic stresses in the slhielter structure (and the
Total Environmental Control System (TECS) and Modular Collective
Protection Equipment (MCPE) mounted on the shelter to provide CB
‘protection), and penetration of fragments to cause structural damage,
and component damage to TECS and MCPE. In addition, the protection
against CB agents will require ducting, ducting valves, and special
finisties; and the electrical loads induced by the EMP and EMR will be
“"large". As a result of these loadings one should expect the shelter
structure and the TECS and MCPE to be deformed and partially penetrated,
the shelter«truck combination to be rotated so as to require tic-downs
to prevent overturning, and the EMP/EMR/EMI shicld to be highly stressed.

Some of the needed preliminary work has been completed providing
initial guidelines for the hardened designs. During the past several
years, the U.S. Army Ballistic Research Laboratory has conducted
apalytical and experimental investigations to assess the survivability




of Electrical Equipment Shelters under simulated tactical combat conditions.
They have utilized shelters such as the $-280 and $-250 with and without
certain modifications. Unmodified, these shelters have walls of sandwich
construction configured with aluminum skins and interior stiffeners, and
with foam cores. The unhardened shelters have also been provided with
protection from EMI by insuring electrical continuity in the aluminum
skins, conductive sealants where needed, conductive gasketing around

doors, and conductive honeycomb barriers on apertures.

In the analytical investigations referred to above, the shelter
structural elements were modeled as beams, panels, and complete shelters
when using a number of response codes such as NASTRAN, ADINA, DEPROP
[1,2] and DEPROB [1,2]. In addition, the truck-shelter combination was
modeled by the TRUCK code [3] to determine the overturning response and
tie-down parameters. The complimentary test programs involved struc-
tural elements and shelter-truck combinations in testing machines, shock
tubes, and in large scale high explosive (HE) field tests.

The full-scale field tests were conducted during the DIAL PACK
[4,5,6], MIXED COMPANY [7], DICE THROW [8,9], and MISERS BLUFF [10]
events. In all cases, the shelter was placed so as to receive the shock
head-on to either its roadside or curbside wall., In DIAL PACK, some
eight shelters were set on the ground, anchored, and subjected to different
overpressure levels. Some of the shelters were empty, while the others
had actual racks with weights simulating various equipment. In MIXED
COMPANY, twelve empty S-280 shelters were placed on the ground and
anchored. They were located at five different overpressure levels,
Various types and degrees of hardening were tested, with some shelters
having added inside and/or outside aluminum skins, and other with I-beams
placed inside and backing the walls hit head-on by the shock. In the
DICE THROW event, ten $-280 and $-250 shelters with operational equip-
ment were mounted on trucks; and again they were exposed at different
overpressure levels. Two of the $-280 shelters were retrofitted with
Kevlar® skin/aluminum honeycomb on both the inner and outer skins. A
different, hardened shelter built by Brunswick was also tested, at
around the 6 psi (41.4 kPa) overpressure level, The wall panel of the

latter was an aluminum skin/paper honeycomb sandwich with two internal

vertical stiffeners. In the MISERS BLUFF event, four additional §=280"s,
fully equipped and mounted on trucks, were tested at higher but different
overpressure levels. Of these, one standard shelter was first subjected
to a thermal pulse (thus simulating for the first time the thermal pulse
from a nuclear burst, a simulation lacking in other HE tests) followed

by the blast wave from the HE burst, with another one of these shelters,
a Kevlar layer was bonded to the outer skin; but this shelter was exposed
to the blast only. One drawback in all the field tests was that the
positive phasc durations (and thus the total impulses) were less than one
would get in nuclear blast encounters, resulting in less sevare over-

*
Kevlar 18 a reglstered tvademurk for an aramid fiber produced by
E.l. Dulont de Nemours amd Co. (Inc.).
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turning conditions. Nevertheless, these tests have verified the computed
responses from the TRUCK code, and thus provide some confidence for
future analytical predictions.

Utilizing this background and results from tests conducted since
(some of which will be commented on later), the preliminary designs of
the hardened C3-shelters were effected. In what follows, the important
design aspects are covered. Following a short section summarizing
quantitatively the hardness-related design requirements, one of the two
configurations is presented along with discussions related to the
analytical methods and test results used, the choice of materials, the
sizing, etc. The configuration covered here is the hardened version of
the 5-280 shelter. It will henceforth be designated as the A-Shelter.
The design of the S-250 shelter (B-Shelter) is similar and the differences
will be discussed briefly.

HARDENED SHELTER DESIGNS

Hardening-Related Design Requirements

The degree of hardening to be provided in the designs must be ;
compatible with the anticipated threat levels which may be specified :
quantitatively as follows:

1. Nuclear Threat., The burst is of moderate yield and at low
altitude. The shelter is located at sea level and at a range
such that:

(1) The encounter is with the Mach stem of the reflected (and
traveling) shock wave, with the shock plane perpendicular
to the ground. Thus, the material (gust) velocities
behind the shock are horizontal. Otherwise, the shock
orientation is arbitrary, requiring consideration in
design of all critical azimuthal directions,

(1i) At the location of the shelter the peak free-field over-
pressure (just behind the Mach stem) is 7.3 psi (50.3 kPa) ;
- and the pressure positive phase duration is 1.0 second. 2

(111) The thermal pulse has a fluence of 1.66 BTU/:_Ln2 (65 cal/cm?) %
and is deposited in the 2 seconds before shock arrival. }

(iv) The associated EMP is intensive with a broad frequency
band requiring at least a 60 dB attenuation over the range
0.15 MHz to 1BGHz, and even an 80 dB attenuation in the
sub range 0.20 MHz to 1 MHz. These attenuation figures
reflect the combination of EMP, EMR (electromagnetic
radiation, see requirement under electronic warfare E
threat below), and the usual EMI shielding (specified T
also for unhardened shelters) requirements. Ry




2. Conventional Warfare Threat. A fragment from a conventional
weapon weighing 60 grains (3.9 g) and striking normally any
shelter wall at a speed of 1640 ft/s (500 m/s) shall not
perforate the wall, i.e., there shall be no puncture of the
electromagnetic shield.

it
3

aretwig,

3. Electronic Warfare Threat. The shelter shall be shielded from
the electromagnetic radiation from this type of attack. This
requirement has been combined with that under item (iv) of ;
"Nuclear Threat" above. ;

4, Chemical/Biological Threat. Hardened air conditioning and 8
filter units, and decontamination vestibules (i.e., hardened 4
TECS and MCPE units) are assumed to be available. Thus, the 1
main shelter design tasks associated with this threat are to 5
provide

(i) Proper mountings of all the equipment,

(ii) Suitable ducting and valves for proper operation of air
filtration and of environmental control systems, even
during the positive and negative phases of the nuclear
blast field,

. (11i) Sufficient ailr tightness to allow positive pressure
method of collective protection for CB defense, and

(iv) Exterilor surface finishes which can be easily decon-
tamined following a CB attack,

cher Design Requirements

In addition to the hardening-related requirements, the shelter
designs must meet appropriate environmental and operational requirements
which are always specified in the MIL SPECS for Electrical Equipment
Shelters (and, whenever possible, including those requirements agreed
upon by the Joint Committee on Tactical Shelters, JOCOTAS). Among them
are those dealing with transportability, drop and railroad humping
tests, operations in extreme climates, ctc. Two specific items worthy
of note here are (i) the solar load in a hot desert operation which
results in outer skin temperatures of 200°F (93°C), and (ii) the require-
ment that the overall shelter heat transfer coefficient be kept below
0.35 BTU/hr £t2°F (0.171 cal/hr ¢m?°C) to minimize the needed air
conditioning capacities.
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Limitations

Because of air and truck transportability requirements, it is
necessary to limit the :xterior dimensions of the shelter; and in order
to accommodate existing standard equipments and the crew, the inner
dimensions have to be kept at specified values within close tolerances.
Table I shows the dimension specifications for the A-Shelter. With
these dimensions, it turns out that the maximum allowable wall panel
thickness is 2.5 in (6.35 cm). ’

Table I ~ A-Shelter Dimension Specifications

Interior Exterior

in (cm) Maximum in (cm)
Length 138.0 + 1/8 (350.5 + 0.3) 147.0 (373.4)
Width 81.5 + 1/8 (207.0 + 0.3) 87.0 (221.0)
Height 77.0 + 1/8 (195.6 + 0.3) 86.75 (220.3)

Meeting the hardening-related requirements imposed weight and cost
penalties. Every effort was made to reduce the total shelter weight,

The specified goal was to maintain it to within 2100 1bs (953 kg), i.e.,
some 700 1lbs (318 kg) above that for the unhardened $-280 C. However,
design and cost factors dictated acceptance of weight overruns which,
according to the latest weight ledger, may amount to as much as 8 percent,

Wall Cross-Sectional Design

The wall cross-section shown in Figure 3 1is the one eventually
selected among several candidate configurations, It is of sandwich
construction, with fairly thick immer and outer skins made of Keviar
laminates and spaced by a honeycomb core and Kevlar-based, box-like
pultrusion stiffeners. The inner Kevlar skin is also faced with a thin
aluminum sheet to provide the enclosure shielding for electromagnetic
radiation protection. Besides providing thermal shielding and to some
degree insulation, the Kevlar skins arce the main contributors of strength
and rigidity for carrying the blast-induced bending loads. Much lesser
contributions in bending strength and rigidity arec expected from the
aluminum skin and the stiffeners. The combination of the honeycomb core
and the periodically-spaced stiffeners (at the same longitudinal locations
as in $-280) has the role of carrying the high shear loads predicted
for the blast encounter period. Conservatively, one may assume thot
the total shear is carried by the core and the webs of the box-shaped
stiffeners. (The B-Shelter has similar construction except that the
wall and core thicknesses are 1.75 in (4.45 cm) and 1l.41 in (3.58 c¢m),
respectively.)
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Kevlar Laminate Aluminum Skin Kraft Paper Honeycomb Core
0.16 in (0.41 cm) Thick 0.032 in (0.081 cm) Thick 2,16 in (5.49 cm) Deep

Figure 3. Wall Section at Box Stiffener Location for A-Shelter

The Kevlar cloth plies of the laminates are chosen for sevcral
reasons, First, they afford excellent protection against fragmentations.
Secondly, they have higher strength to weight ratios and much lower
thermal conductivity than aluminum. And finally, through charring of
a small fraction of the outer skin thickness, they provide shielding
against the high thermal pulse from the nuclear burst. Although Kevlar
type 29 plies with low content vinylester or similar resins would have
been preferrable from the viewpoint of fragmentation protection, the
choice in this design is to use {evlar type 49, with moderate content
(say 25-30 percent by weight) epoxy resin in order to achieve the strengths
required by the high level blast loadings.

As to the core material, several alternatives were considered,
including foams, polycarbonate forms such as Norcore and Quadricore, and
aluminum and non-metallic honeycombs. Because of the high shear strengths
needed, the expected maximum temperatures, and the heat conduction
considerations, the only type of core deemed acceptable is the non-
metallic honeycomb., With regards to the stiffencrs, the Kevlar pultrusions
are preferred (despite their high costs) over aluminum scctions because
of their low thermal conductivity (thus avoiding "hot spots" which occur
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with aluminum stiffeners faced with thin wood thermal barriers) and

their close matches in moduli and thermal expansions with the Kevlar
skins. On the negative side, it 1s recognized that the shear strengths
of the pultrusions (which is a critical factor in design) are only about
one third of those of aluminum requiring thicker webs and thus weight
penalties. As to the aluminum electromagnetic shield, a type with
moderate to high strength and with at least 5 percent ultimate elongation
is deemed adequate.

©

-.: Tox

Each wall (including roof and floor) is made of a single panel, i.e.,
no seams are allowed, The six walls are assembled using edge and three-way
corner treatments. At cross sections with no stiffeners, the arrangement
is as shown in Figure 4. At locatioms with stiffeners, the "C" and
mushroom-shaped edge pultrusions are interrupted to allow connection
of stiffeners from adjacent panels using L-shaped aluminum inserts.

The stiffeners thus connected form frame~like closed rings. The three-
way corner fittings are special hefty aluminum castings which also serve
as the mounting plates for the lifting and towing eye assemblies.

The wall cross—section design procedure involved essentially the
following sequences of steps:

(1) Determination of the required Kevlar skin thicknesses, based
on fragmentation protection consideratiouns.,

(ii) Determination of the type and density of the honeycomb core
and the sizing of the stiffeners, based on considerations of
required shear strengths.

(1ii1) Determination of the required aluminum skin thickness, based
on EMP/EMR/EMI protection considerations.

(iv) Having thus established the sizings of the various components,
checks for the strength and rigidity levels of the wall panels
to insure structural integrity when subjected to the blast-
induced bending loads,

(v) Evaluation of the thermal characteristics of the cross-section,
especially with regards to thermal conductivity to insure
compliance with previously noted specifications,

In these assessments, the roadside (vr the identical curbside) wall was

isolated and treated as a single panel (or a segment of it as a beam)

with clamped or simply-supported boundaries (with no translations at

the boundaries). It was necessary of course to iterate these design

steps in order to impose certain design trade-offs concerning weight, :
cost, strength, ete. In what follows, these design steps are discussed {
individually with more details, along with relevant "haudbook data” and - :
supporting analysis and test rosults.
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Figure 4. Wall Panel Edge Assembly for A-Shelter [~

1. Fragmentation Protection. Based on the simple method suggested by
Reches [11], a set of curves was prepared which defines the critical
(normzl) impingement velocity versus fragment size for several values
of the Kevlar skin areal density. These curves are according to the

. Johnson equation for cylindrical steel fragments with L/D=1, and use
certain empirically derived constants for Kevlar protection which are 3
tabulated by Reches. Assuming a skin density of 0,05 lbs/in3 (1.38 g/em”),
these curves indicate that a 0.32 in (0.81 cm) total Kevlar thickness
shonld prove sufficient in providing the protection from the specified
fragmentation threat (e.g., 60 grain (3.9 g) impinging normally at
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1640 ft/s (500 m/s)). Unfortunately, it turned out that the Reches

results apply only to 1ow resin content, easily delaminated, low density
(0,037 1bs/in3 (1.02 g/cm )) "flexible" to "semi-flexible" Kevlar laminates.
Additional experimental data from industrial sources indicated that the
0.32 in (0.81 cm) total thickness would be marginal if one uses "moderate"
resin content, higher-density (0.048 to 0.050 lbs/in3 (1.32 to 1.38 g/cm3))
"rigid" Kevlar skins laminated under fairly high pressures. (These

rigid Kevlar skins are needed for reasons of strength.) Some recent

tests on two sandwich specimens (with two 0.16 in (0.41 cm) Kevlar skins
and a total thickness of 2.5 in (6.35 cm)) conducted at BRL indicate

this to be the case as shown by the results listed in Table II.

Table II - Shelter Panel Fragmentation Tests

Test Impingement Impingement Perforated Residual
No* Velocity (m/s) Yaw Angle (Deg) Velocity (m/s)

1 542 1 Yes 234

21 532 6 Yes 240

3j + 531 2 Yes 230

484 0 Yes 60

5 567 6 Yes 226

6 473 3 No -

74tt 498 18 Yes 114

8 529 0 Yes 152

*All tests with 60 grain steel cylinder, L/D=1, 0.5 in. gun launched.

N pecimen 1, with aluminum skin as in Figure 3, with paper honeycomb core.
Specimen 2, with aluminum skin at mid thickness.
From a direction normal to the panel, i.,e., normal impingement angle = 0.

The specimens were not built specifically for these tests. They were
about 4 in (10.2 cm) wide and 10 in (25.4 cm) long and cut from larger
available panels. The resin type and content by weight are not known.
From density measurements. it appears that the skins were "rigid", dense
(0.05 1bs/in (1.38 g/cm )) laminates. The guess is that the resin was
epoxy with the resin content around 25-30 percent. Because of the
narrowness of the specimens, the penetrations may have been enhanced by
edge effects. Although most of thesc tests showed penetration at speeds
near 500 m/s, those closer to the 500 m/sec condition showed low resi-
dual velocity. It appears possible to improve the situation by choosing
a superior type resin and adjusting the resin -ontent, without signi-
ficant sacrifices in strength. With further tests to guide such trade-
offs, it should be possible to meet the fragmentation protection require-
ment (i.e., no perforation by $0 grain fragments arriving at 500 m/s)
with a total Kevlar skin thickness of 0.32 in (0.81 cm). A conservative
alternative is to increase the total skin thickness; but this would
result in weight and cost penalties which cannot be justified at this
time, pending further tests.
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2. Blast-Induced Shear Loads. Consider the roadside panel which bas
"unsupported" dimensions of roughly 77 in x 138 in (195 cm x 351 cm).

To choose and size the honeycomb core and the stiffeners (which jointly
sustain the shear loads), it is necessary to determine the maximum shear
load during the specified blast encounter. The maximum shear occurs at
the mid point of the longer side and next to the edges, and may be
estimated in the following manner., With a 7.3 psi (50.3 kPa) head-on
shock, the peak reflected overpressure is 17.5 psi (120.7 kPa). Assuming
no attenuation and taking a dynamic magnification of 2.0, the equivalent
uniform static loading for the entire panel is 35 psi (241.3 kPa). A
vertical strip 22 in (55.9 cm) wide and 77 in (195 cm) long taken from
the center of this panel is isolated and treated as a beam. (The beam
contains one pultrusion stiffener centered as in Figure 3; and the 22 in
width is chosen since it represents the separation between stiffeners.)

On this basis, the maximum shear load amounts to about 29650 lbs (131.9 kN)
and occurs near either end of the beam regardless of the edge fixity
condition. For the cross-sectional dimensions indicated in Figure 3,

and with due account to the difference in the moduli of the core and the
stiffener, it is estimated through an approximate analysis that about

62 percent of this load is carried by the honeycomb and the remainder by
the stiffener. Assuming uniform stresses over each of the two components,
the required shear strengths turn out to be 431 psi (2,97 MPa) and

8670 psi (59.8 MPa) for the honeycomb and stiffener, respectively. The
actual maximum shear stress values are expected to be lower than the
above values for two reasons: (i) The Kevlar skins and the flanges of
the stiffeners carry some of the shear loads, and they have been neglected
in the analysis; (ii) By isolating the section as a beam, the load
carrying capacity of the plate in a direction transverse to the beam is
also neglected. Based on some charts obtained from classical theory of
isotropic plates, it is estimated that the total shear load of 29650 lbs
should be reduced by a factor of 0.85., (See Hexcel Design Handbook for
Honeycomb Sandwich Structures [12].) If this 0,85 factor is applied to
the above required shear strengths, the corresponding revised values
would become 364 psi (2.52 MPa) and 7370 psi (50.8 MPa). Consider the

use of a Kraftpaper honeycomb (Hexcel WRII) as the core material, With

a proper resin, cell size, and paper thickness, it is possible to obtain
the required shear strength with core densities of 6.8 1bs/ft3 (108.9 kg/md)
or more. From extrapolation of available data from Hexcel, it is estimated
that the plate shear strengths of a 6.8 1bs/ft3 WRII honeycomb core.

2.16 in (5.49 cm) deep and at room temperature, are about 395 psi (2.72 MPa)
and 272 psi (1.88 MPa) in the ribbon and "long" directions, respectively.
With the core placed so that the ribbon direction is parallel to the
stiffener (i.e., in the beam direction), this weight WRII core would be
adaquate provided no significant deteriorations in strength result from
elevated temperatures. It is known that WRII strengths deteriorate
severely when subjected to temperatures above 180°F (82°C) for "loug"

" periods, i.e., several minutes or longer soak times. The maximum
temperature in the core under the solar load of a hot desert operation

is expected to be in the range of 150-175°F (66-79°C) for the roof but

57




lower for the side walls. With no thermal pulse from a nuclear pulse,
the WRII core should prove acceptable, With the thermal pulse, the
maximum core temperature 1s expected to increase by some 100°F (56°C),
raising a doubt as to whether the WRII would fail in shear, even though
the soak period is a few seconds. Jn the other hand, the blast-induced
loads are also of short durations; and some recent data from shock tube
tests on panels with WRIJ honeycomb cores indicate that the dynamic
shear strengths of these cores are considerably higher than their static
counterparts given earlier. Based on these discussions, and in view of
its much lower cost (by nearly an order of magnitude) when compared with
those for other non-metallic honeycombs, the WRII is accepted at this
time but subject to further extensive tests.

As to the requirement that the pultrusion have a transverse shear
strength of 7370 psi (50.8 MPa), no difficulty is foreseen in achieving
this level if the pultrusion is reinforced with Kevlar and uses a
?uitgble type and amount of resin, even at temperatures as high as 250°F

121°C) .*

3, EMP/EMR/EMI Protection. The aluminum skins from all six wall

panels are overlapped (as shown in the edge treatments, Figure 4) and
form an "enclosed box" with no "gaps" in electrical continuity. With
proper grounding, this provides levels of attenuation (for electric/wagnetic
fields and plane waves) which meet the specifications when tested
according to MIL-STD 283 procedures. Note that this shield is purposely
located as the innermost wall layer to avoid holes resulting from
fragment penetrations. When properly bonded (and fastened mechanically
with certain precautions, as needed) to the inner Kevlar skin, it alse
contributes, although to a much lesser degree than the Kevlar skins, to
the bending strength and stiffness of the wall section. Utilizing the
analysis technique and the data from Campi [13), it is estimated that a
0.032 in (0.081 cm) aluminum skin will prove sufficient for a:taining

the specified dB levels of enclosure shielding at all frequeucies between
0.15 MHz and 18 GHz. Aperture shielding such as at exhaust ducts, RFI
gasketing at doors, conductive sealants at mechanically~fastened seams

to minimize long-term performance degradation, filtering at signal entry
panels, etc. present other aspects of EMP/EMR/EMI shielding which were

" considered in the design.

The use of ¢ single enclosure shield has been questioned snd is
under further study at this time. The main objection centers around the
digsipation of the high currents resulting frow the EMP. It is conceivable
that these high currents may result in reradiations into the interior
of the shelter from such areas as the seams of signal eatry panels. With
special procedurcs developed through extensive testing, it is very likely.
that such pacels can be mounted so as to eliminate reradiations. An
alternative is to provide dual shields by adding & second and electrically

" ' .
Based on discussions with one ol the major pultrusion manufacturers.
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separated aluminum enclosure, as in previous designs. However, this

would impose considerable weight and cost pemalties which cannot be
Justified at this time.

4. Structural States in Response to the Blast Loadings. Having thus
established the wall cross-sectional/design, the question remains whether
the shelter would have sufficient séiength and rigidity to withstand the
blast~induced bending loads. Foy/this purpose, somewhat simplified
dynamic analyses were conducted .to predict the maximum stresses and
deflections for the largest panel, i.e., for the roadside or curbside
wall, A head-on encounter wasy assumed since this is deemed the most
critical shock orientation ygsed on past experience. The time and spatial
variations in the loadings were first calculated using the BLOCK code [14]
(which is the aerodynamic subroutine in the updated TRUCK code). Rather
than accounting for the gﬁatial variations, it was deemed simpler and
acceptable for present purposes to assume a uniform, averaged loading.
The time variation of this uniform loading, shown in Pigure 5, was then
/‘ .
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inputted in the structural response codes DEPRUB and DEPROP. Both

of these codes account for geometric and physical nonlinearities, i.e.,
membrane stresses, non-linear stress—strain relations, but omit strain
rate effects. Two structural models were considered. With the much
simpler DEPROB, a 22 in (56 cm) wide segment, 80 in (203 cm) long and
backed centrally by a single pultrusion stiffener (see 2 above), was
taken from the center of the whole panel and treated as an isolated
beam. With DEPROP, the entire wall panel was modeled with some approxi-
mations which were required to include stiffeners along with the multi-
layered skins., Most of the calculations for maximum stresses and
deflections were effected with DEPROB. A few check calculations were
made with DEPROP which is more accurate but which requires computation
times an order of magnitude longer than those with DEPROB. Whenever
checked, the results from the two sets of calculations showed reasonable
agreement. Both simply-supported and clamped edge conditions were
analyzed. The ends were assumed fixed, i.e., no longitudinal motions
were allowed, and the compressive edge loads imposed by adjacent panels
were neglected. Table III summarizes the results from the beam (DEPROB)
analyses for the final configuration as shown in Figure 3.

Table III - Summary of Maximum Structural Responses From the Beam
Analysis for the Final Wall Configuration

Clamped Simply-Supported

Edges Edges
*
Peak Tensile Stress in Kevlar, kpsi (MPa) 43 (296) 42 (290)+
' *k
Peak Compressive Stress in Kevlar, kpsi 30 (207) 11 (76)++
(wPa)
Peak Tensile Strain in Aluminum, % 0.46* 0.95%
Peak Compressive Strain in Aluminum, % 0.70** liegligible
Peak Displacement, in (cm) 1,50 (3.81)x 3.22 (8.18)x
Time of Peak Displacement, msec 5.0 6.6
* Wk
+At outer skin, clamped edge , ++AL inner skin, clamped edge
At inner skin, center span xAt outar skin, center span
®At center span At clamped edge

In these calculations, two linear segments approximated the elastie-
plastic behavior of the aluminum skin with the maximum stress equal to
42 kpsi (290 MPa). Also, the Kevlar laninates wers assuned to have a
density of 0.05 lbs/in3 (1.38 g/em®), and moduli E=4.5 x 10° pei

(31000 MPa) for the inner skin and 3.5 x 106 psi (24000 MPa) for the
outer skin. (The reduced value of E was used for the outer skin because.
of the expected elevated temperatures there.)
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Regardless of the edge conditions, the aluminum skin is expected to
yield (since any strain beyond about 0.42% implies yielding) but not to
fail since the ultimate strain for the chosen aluminum is over 10%, a value
much higher than the values indicated in the table. The Kevlar tensile
stresses (and also the pultruded stiffener tensile stresses) are below
their allowables. The critical result is the peak compressive stress in
the inner Kevlar skin which amounts to 30 kpsi (207 MPa) with clamped
edges. Kevlar laminates have much lower ccmpressive strengths than
tensile strengths. Available test data indicate that the best one could
attain with proper blend of Kevlar cloth and resin may yield compressive
strengths of about 23 kpsi (159 MPa). Nevertheless, the wall cross-
sectional design is tentatively (i.e., pending further developments)
accepted for the following reasons. First and foremost is the fact that
the edges are not ideally clamped. An edge fixity factor of about 0.8
was estimated. This depends, of course, on the edge treatments, and on
the loadings of adjacent panels which are at lower levels. If this
factor is applied to the 30 kpsi figure, the compressive stress require-
ment drops to about 24 kpsi (165 MPa), a value much closer to the avail-
able strength of 23 kpsi. Secondly, these maximum compressive stresses
occur right at the panel edges, but drop sharply going away from the
edges. At the edges, the C-shaped pultrusion stiffeners (see Figure 4)
should contribute in carrying the loads, a condition which was omitted
in the analysis documented in Table III, A test case accounting approxi-~
mately for the thickness of the C-stiffeners indicates a reduction of
some 25% in the Kevlar peak compressive stress. Thirdly, it is known
that beam type analyses applied to low aspect ratio plates tend to yield
somewhat higher stresses than those from more accurate plate type aunalyses.
And finally, the unaccounted for strain rate effects may allow an allowable
compressive stress for the Kevlar laminates higher than the 23 kpsi
value quoted above for the static case, What this increase amounts to
.with the strain rates inferred from the times of peak displacements
" shown in Table III cannot be estimated without some basic tests on:
Kevlar laminates. h
5. Thermal Considerations. Two specific specimen tests were conducted
to determine certain thermal characteristics of the wall cross scction,
The £irst pertains to the thermal conductivity of a 24 in x 24 in
(61 cm x 61 cm) pancl with the same materials and tross-scctional geo-
metry as in the present design, except that the panel had nd pultruded
gstiffener. In the second test, a thin Kevlar laminate was subjccted to
a thermal pulse simulating that from a nuclear weapon to assess the
thermal damage to the skin and the increases in the temperatures at the
inner face of the outer skin where the honeycomb core 13 bonded to the
8kin . ’ . ’

The thermal conductivity tesi was done according to ASTM C518-76
using a heat flow meter. The heat was applied from the bottom of the
horizontally placed specimen, maintalning a thermal difference across
-the thickness of about 72°F (40°C). The stabilized heat transfer
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coefficient was found to be 0.28 BTU/hr-ft2-°F (0.137 cal/hr-cm2-°C).
(Had the heat been applied from the top or the plate had been placed
vertically, it is expected that the heat transfer coefficient would have
been lower.) This result is acceptable for keeping the overall shelter
heat transfer coefficient to below 0.35 BTU/hr-ft2-°F, although higher
than that for earlier designs with foam cores which are excellent
insulators, Also, in earlier designs the aluminum stiffeners, despite
being faced with wood thermal barriers, created hot spots raising the
overall heat transfer. In contrast, the pultruded stiffeners in the
present design have much lower conductivity than aluminum thus preventing
hot spots; and despite the presence of these pultruded stiffeners, it
can be confidently stated that the overall shelter heat transfer coeffi-
clent can be kept below the 0,35 figure.

In the other test, conducted by Quigley at BRL [15], Kevlar 49~
epoxy sheets, 0.091 in (0.23 cm) thick, were placed in a solar oven and
exposed to two trapezoidal - and one nuclear-shaped thermal pulses. For
the single data point with the nuclear pulse, the rise time was 0.9 sec,
the total duration was 8.3 sec, and the fluence was 1.66 B‘I‘U/in2
(65 cal/em?) (the same fluence value specified in this design). The
recorded data was minimal. Before the thermal pulse, the skin temperature
was 70°F (21°C). A "few mils" (say the thickness of the outer ply) was
charred and the inner face temperature reached somewhere between 226°F
and 252°F (108°C and 122°C). This is an increase of about 180°F (100°C)
above the ambient. Extrapolating roughly this result to the present
case of 0.16 in (0.41 em) skin thickness, one would estimate a temperature
rise of about 100°F (56°C) for the outer skin inner surface temperature.
If the temperature at the same location and prior to the pulse is assumed
to be say 150°F (66°C) (which is conceivable in a hot desert operation
with the shelter air conditioned), the temperature at the core/outer
skin bond could be as high as 250°F (121°C) at shock arrival time. This
indicates that the temperature effects on the physical properties of the
. Kevlar outer skin, core, pultrusions, and the adhesives had to bte censidered

" in the design., Obviously, further and more controlled tests of this
nature, with an actual panel cross section rather than with a thin
Kevlar laminate, need be conducted for more realistic thermal assessments.

Preliminarvy designs of two new ¢3 ghelters have been presonted.
They were designed for the extreme environment of the tactical battle-
field. Some details of the threats aund the resultant loadings and
structural behavior were given. The desigus are based on an extensive
program of analyses and testing. Design trade-offs between weight
and cost were considered.

A contract has been let to fabricate four each of these two shelters.
An Integrated Test Plan fncludes specimen, model and fullescale tests
to be conducted ia the laboratory, shock-tube aud field.
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Although appreciable weight and cost penalities have been incurred,
these shelter designs represent a significant increase in the surviv-
ability of the c3 systems that they will contain.
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ABSTRACT

A summary is given of previous related tests and theoretical approaches used to
design tank floor armor. Survivable dynamic response requirements for a sitting crew
member are identified. The methodology of scale testing is then reviewed. Scale
tests using both steel and steel/polymer composite plates are next described. Finally
measurements of the dynamic response of various composite plates are reported and
discussed in the context of attenuation of dynamic load to the crew member. It is
concluded that composite tank floor armor can attenuate blast loading better than
monolithic steel armor plate of equal areal density.

INTRODUCTION

Combat experience has shown that tanks can readily be put out of action by blast
from land mines. The blast defeat mechanisms are shock, deformation, fracture and
overturn. Armor design of tank floors [1] apparently is based only on the criterion that
the armor not fracture as a result of a nominal *belly” mine blast loading. It appears
that the blast induced dynamic response of the floor upon crew members and other
critical operational components has not received as much attention as perhaps it
should. Without such information it is difficult to evaluate how to improve tank floor
armor so as to improve the overall mission survivability of tanks.

Tank floor armor is made of class 2 rolled homogeneous armor plate intended for
use where maximum resistance to structural failure under conditions of high rate of
shock loading is required, and where resistance to armor piereing ammunition is of
secondary importance [2). Unfortunately, the history of design related analyses and
tests has been such that the majority of design information generated is based on the
response of a variety of steel plates tested with unelamped cdge support. Design
equations have been developed which prediet permanent plate deformation and
fracture as a function of thickness (3,4,5,6]. Reeent studies have shown that transient
plate response can now be predieted with the aid of computer codes [7,8).

In this paper the question entertained is whether or not coiposite tank floor
armor should be considered as an alternative to monolithic steel armor. The answer is
provided by first generating a bascline by reviewing tank floor armor technology.
Next the required function of the tank floor armor is identificd in the context of tank
mission survivability from the point of view of dynamie response requirements for the -
crew members and other vital components. Model test methodology to be used as a
tool for estimating the response of prototype armor plates is then reviewed. ‘This is
followed by a deseription of scale test apparatus. Then a family of composite armor
designs  using combinations of steel, balsa wood, Keviar and high density steel
honeycomb slabs is proposed. Test results from seale models of these plate designs are
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reported and the answer to the question as to the feasibility of composite tank floor
armor to defeat blast is given.

TANK FLOOR ARMOR TECHNOLOGY

It is beyond the scope of this particular discussion to review in detail the
state-of-the~art of technologies and information that are identified in Figure 1.
However, to understand why a composite tank floor armor should be considered to
replace monolithic steel armor requires a brief synopsis of the genesis of tank floor
design technology.

NORMAN (1975)
ANALYS!S (HUMAN)
ouTATE AD A016861
ART LOTTERO (1978)
i ANALYSIS (DORF/REPSIL)
AD A051933
SEDGWICK {1974) 1 NENZEL (1974)
ANALYSIS (HELP) EXPERIMENT —{ EXPERIMENT
858-R-T4-2410 WESTINE (1975) ADC00091 71,
ANALYS1S/EXPERIMENT
T ADC003173
WENZEL (1972) WENZEL (1969)
EXPERIMENT }—ﬂcnusu&aw MATERIALS
ADI035 4L e AR AD 506447
ADSOLe06 WENZEL (1974)] | wENZEL (1972)
1 EXPERINENT |~ EXPERIMENT
Y ADC009171, AD3035 341,
STROTHER (1968)
CRUSHA
BATTLE DAMAGE "“’.{23‘:‘25 é}@;“ N Agbﬁo'x‘ﬁfnuw
ASSESSMERT AND NORMAN (1968 CARSOR (1957)
REPORTING PROGRAM [T ADS24225L L Mereninenr EXPERINENT
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AD )19 482
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Figure 1, Methodologies used to predict the response of a tank floor
subjected to blast loading.

Until the last few years, little regard was given to the relationship between tank
floor design and tank mission effoctiveness.,  With the advent of
survivabllity/vulnerability methodology being imposed upon combat vehicle designs,
new questions must now be answered related to component dynamie interactions
-within vehieles subjected to extreme loading environments, '

In 1872, Hennessy {3) identified- a simple empirical equation to prediet the
thickness of . a armor plate required to withstand (i.c,, not fracture) the blast of
anti-tank mines, Furthermore he identified the significance of stress risers

- {attachments to plates), the increase of plate strength due to cross rolling, adverse
_effects caused by low temperature, and the observation that permanent plate

deformation deercased lincarly with increasing material hardness. Hennessey's work
brought together the first systematie methodology for modern tank floor design.
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Also in 1972, Haskell [4] suggested using Friedlander's equation to prediet the
reflective pressure induced on tank floor armor as a consequence of mine blast.
Haskell pointed out that it was necessary to consider a plate hold down weight ratio of
28:1 and that the earth in which the mine was buried did not effect the intensity of the
blast loading to the plate. Haskell used an approximate semi-inverse energy analysis
approach in correlating design variables. The objective was to predict the thickness of
the armor necessary to preclude failure.

In 1975 Norman [5] reiterated what was suspected for some time: that the
dynamic response of tank armor plate was probably large enough to incapacitate the
crew members even if the tank floor was not fractured. He showed that armor
thickness was proportional to permanent plate deformation, thus indirectly suggesting
that the thicker the steel plate, the better its capability to attenuate shock loads,
Norman estimated that the step veloeity response of the armor floor could be
represented by a velocity step input of 340 ft/s (104 m/s). It is well known that this
maguitude of velocity step would readily incapacitate an unprotected tank crew
member. Norman proposed that crushable materials be identified to attenuate the
velocity step.

The only pertinent data on crushable materials was that generated in 1969 by
Frye [9). Frye tested 12 1b/ftd3 (0.19 g/em3) aluminum hcneycomb with no
success, but data for 30 lb/ft3 (0.48 g/em3) steel honeycomb suggested biast
armor feasibility. It is noted that Frye was only concerned with floor fracture and not
dynamic response.

In 1975 Westine [6) concluded an extensive study which used dimensional analysis
to prediet the permanent deformation of a tank floor as a function of anti-tank mine
size and location, Westine assumed that plate data obtained from an assortment of

~ tests had free fixity edge conditions, He also assumed that clamped fixity edge

conditions could be accounted for by introducing a multiplication factor of 1.5,
Westine emphasized the importance of the soil in which the mine was laid and used
this assumption to correlate data.

Sodgwick (7] showed in 1974 that the computer code HELP could be used to

‘characterize the blast loading of an anti-tank mine. Sedgwick reported that it

appeared that dry soil was not an important variable in churacterizing blest loading for

pancake charges sitmilar in aspeet ratio to land miues.

tinally, Lottero (8} extended the analysis of the tank floor response to a land
mine by using the computer codes DORF and REPSIL. DORE characterized the blast
loading whereas REPSIL predicted the tenk floor response. The example that Loiero

used to illustrate computer applicability was based on an experiment performed in
1975, : ' :

In overview, current tank armor floor design analysis has doveloped to the point
ot being able to prediet the teansient phenomena of an anti<tank mine blast and to

- then prediet the consequential residual deformation of the tank floor urmor, assuming

a priori that the armor willi not first fracture. Potential vital component kill
mechanisms, caused by the violent deforination of steel tank floors due to blust, huve
not been positively determined. An appeoximate experimental duta base has aot yet
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been generated. Interest in the use of composite armor to attenuate the response of
tank floors to mine blast(s) has historically been low key.

SURVIVABLE DY NAMIC RESPONSE REQUIREME NTS

There is speculation that a tank crew member will not survive the dynamic
response represented by a step velocity change of 15 ft/s (4.6 m/s) over a duration of
one millisecond. Since the dynamic response of a tank floor subject to a mine blast is
quite violent, current practice is to suspend the crew member above the tank floor,
This solution to the problem of crew member survivability is now being re-examined.

Crew member survivability studies directly pertinent to tanks subjected to blast
have been made by Strother [10] and Wenzel [11]. Closely related studies are also
reported by Hirsch [12,13]. Shock isolation requirements that the tank crew member
seat must meet if injury is to be avoided are given in any of a number of crash design
handbooks [14]. The data reported in these references has been generated from
volunteers, accident reports, and human simulators such as animals, anthopomorphic
dummies, and cadavers. As might be expected, the wide variation in the
physicological and psychological structure of humans precludes a simple prediction of
injury that will oceur as a function of shock loading. Further insight into the
uncertainties associated with predicting/measuring crew member survivability is given
by King [15]. The point being made is that suspending the erew member above the
floor does not ensure that he will not be incapacitated as a consequence of a mine
blast.

It is propesed that survivable dynamic response requirements be based on the
mission survivability of a tank. In this manner the survivability of the crew member is
prominant sinee he ig the most eritical system eomponent. Intrinsic to this approach is
that the survivability of a crew member is dependent upon other critical cormponents
functioning after a land mine blast. The degradation of tank mission effeetiveness can
renge from significant fracture of structure (such as opties) to the generaton of noise
in eleetronie ¢ircuitry. Such degradation probably results in greater vulnerability to
enemy attack and hence lowering of erewman survivability.

If it is assumeod that all eritical components within a tank are of equal
importance for crew member survival of a mine blast, then the survivable dynamie
rosponse design requirements are that the tank floor armor absorb and redistribute the
blast load in a relatively mild manuner. In prineiple this goal should be achieved if
space Is made available to use shoek isolation materials in composite steueturnl
configurntions, One way to gencrate the data needed to design sueh strueture is next
proposod,

MODEL TEST METHODOLOGY

Sealed model test data represents a significant portion of all the data identificd
in Figure 1. Carc must bo taken whenever sueh data s used to prediet prototype
response. To begin with, it is important to recognize that scale testing is at best only
an approximation of prototype testing. ‘This is beenuse ull model testing requires the
use of assumptions to simplify the complexity of the real world problem. Sceled tests
by definition assume that locations, times and forees ure homologous (16,17} in
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corresponding systems. It is because of this assumption that the response of a model
system can rationally be used to predict prototype response.

Scaled model tests have been the bases for tank-floor studies because of both
safety considerations and the complexity of blast-structure interaction phenomena.
The objective for tank floor armor scale testing is to obtain quantitative data for
prototype design, to identify significant design variables, to estimate the extreme
performance potential of an existing prototype system, and to investigate new
phenomena when there are no other alternatives.

In this paper the results from quarter scale tests are reported, i.e., ) =1/4. The
well known scaling relationships [16,17] between model, m, and prototype, p, are as
follows:

length; xm = Axp

time; tn] = Atp

veloeity ; Xy = Xp

acceleration; Xp = A~lkp

mass; mp = Admp

force; fm = Azfp

strain ; [eij]m = leij]p

stress (or pressure) ; loij]m = loijlp

energy; Em = A3Ep
Unfortunately, gravity effects do not scale. ‘This is because the scaling laws would
require the acceleration due to gravity to be changed by the ratio A=l Secaling of
model plastic deformation response can only be representative of prototype plastie
deformation response if the real life plastic fatlure criteria is invariant, and such is
not the case for materials in general. Strain rate effects and related yleld phenomena
in terms of deformation and that prototype tests be used to obtain failure eréteriu.
Therefore, displacement is the important measurement in a tank floor armor/mine
blast test in which a tank floor plate response is characterized by & step inercuse in
force, undergoes a pulsed increase in acccleration, resulting in & continuous time
history of velocity, and an even smoother time displacement.

A concluding note on the scale testing of a tank floor subjected to blast is that
most types of transducers designed to sense velocity and displacement are not suitable
-for use in dynamic models, This is because these transducers require the attachment

of relatively large masses to the model, therofore seriously affecting the inertial
properties of the armor system being tested.

09

cannot be scaled. The general design rule of thumb is that model tests be interpreled
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Physical dimensions used for armor blast scale testing are given in Figure 2 and
3. In essence, an explosive of disk geometry characterized by dimensions d and a is
placed a distance R from the bottom of the tank hull. Upon detonation a time
dependent pressure is applied to the plate at tg, resulting in a positive impulse, I,
which is bounded by t. Using the Hopkinson blast wave scaling law [18], where k = A =
1/4, the scaled model parameters are obtained. The mass of a 22 1b (10 kg) prototype
explosive is scaled to a 0.34 1b (154 g) model explosive. Observe from Figure 2 that the
maximum pressure is the same for both prototype and model (since [cijly
= [oijl,). However, the time scale ana impulse have been altered and must be
interpreted in a homologous manner. Another uncertainty consideration is that the use
of the Hopkinson blast law at close standoff distances could lead to misleading results
since the expansion and shock waves decay at different rates which are not subject to
scaling.
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“Figure 2. Hopkinson blast wave scal- Figure 3. Dynamie response scaling
- ing of tank floor armor. of tank floor armor to
' , ' blast loading.

However, experimental evidence exists (19] to show that the law is a reasonable
approximation. ‘The assumed response of the prototype and model tank floors are
- shown in Figure 3. Note that the maximum displacement of the inner surface of the
- .model tank floor is sealed (k = A = 1/4) from that of the prototype. However, the
maximum steains are the same. Again the time scale and the plate response must be
interpreted in a homologous manner. It is noted that such scaling assumes that
~ viscosity, strain rate, gravity and other non-lincar thermo-viscoelastic phenomena ean
be neglected.. - - - ' ' .

SCALE TEST

A veview of all the test data reported in the literature identified in Figure 1
- E ~ showed that scaled model response data exhibited wide scatter. One reason for
d . significant data scatter was due to the manner in which the virious sized model
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plate specimens were held along their edges. For structural analysis considerations, as
well as to physically approximate a prototype tank floor, the fixity of the model test
plate should approach classical clamped edge conditions, This means that the
boundaries should be relatively fixed in space and that both shear and moments must
be readily reacted by the holding fixture. Another consideration was that the holding
fixture should be representative of a scaled tank mass and mass distribution. The
attempt made to achieve these goals is illustrated in Figure 4.

Figure 4. Tank scaled test fixture ~ Figure 5.  Copper pin probe transducer
attached to tank floor. = . ‘to measure time-of-arrival,
: ' : _average veloeity and instan-
tancous velocity (hence
average acceleration) of
tank floor surface

The total weight of the test fixture is 1620 Ibs (735.5 kg) sealed trom a 51 ton
(46308 kg) tank. The model test plate is attached on four sides to the framing fixture

by means of rows of 1/4 ineh {0.65 cm) and 3/4 inch (1.91 em) brass bolts equally =

spaced. ‘The framing fixture is attached to the test fixture on two sides by means of
16-3/4 inch (1.91 em) steel bolts. The hold down ratio of the test fixture to framing
fixture is about 28:1. The overall leagth of the test fixture Is 6 feet (183 em) and its
width is 31 inches (768.7 em). The model tank floor plate is 2 ft (61 em) by 2 ft (61 ¢m),
with 15 inches (38 em) x 15 inches (38 em) being exposcd from the framing ﬁxlum and
,uvailuble to react against the blast load.
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Transient plate deformation data is obtained using eight pure copper pin probes
that were housed in a collar fixture as shown in Figure 5. In this manner electrically
measured time of arrival of the tank floor surface is obtained. Since the relative
position of the end of each pin is measured, average velocity data can be obtained. In
addition, a novel measurement of instantaneous velocity can be obtained by measuring
the plastic radial strain induced along the end region of the pin. By assuming
incompressible flow for the copper pin, the instantaneous velocity at the time of pin to
plate contact can be obtained by measuring the pin diameter after the test, and using
the velocity-longitudinal strain relationship developed by White {20,21). Knowing each
time of arrival enables the computation of average acceleration of the tank floor
surface,

The pin holding collar was rigidly attached to the test fixture as shown in Figure
6. Also shown in Figure 6 is a stainless steel rod painted with alternating white and
black markings. The rod is loosely placed in a hole within the center of the collar
holding the copper pins. The purpose of the rod was to measure plate-rod interaction
response so that additional characterization of plate deformution due to blast could be
obtained [22-31).

&
&

)

S0
%

. Figure 6. Stainless steel rod used to measure plate-component interaction
located in collar holding concentric copper pins. :




CANDIDATE COMPOSITE ARMOR DESIGN

Composite armor materials appeared in World War 11 as flak suits (nylon-steel)
which weighed about 4.5 lb/ft2 (2.2 g/em?). A summary of lightweight armor
materials through 1959 is given by Mascianica [32]. Although significant work has
been performed since the Korean War with lightweight non-metallic materials
(ballistic nylon, fiberglass reinforced plastic), little has been done in the realmn of blast
protection [33). Eichelberger [34] has recently discussed tank armor evolution and
concludes that although composites offer much more efficient protection than steel
against HEAT warheads, with little or no loss in efficiency against kinetic energy
rounds, the combination of weight and thickness are still deemed unpractical. He
further stated that many of the composite designs lacked the structural strength to
survive multiple-shot attacks.

As a consequence of a review of the material literature, three materials were
identified as candidates for use in hybrid composite armor designs which would defeat
land mine blast loading. These matepials are steel honeycomb, balsa wood and nylon
(Kevlar).

Interest in the use of steel honeycomb as a blast isolator was stimulated by the
test results of Frye [9]). His tests showed that ateel plate sandwiched steel honeycomb
of density greater than 30 lb/ftd (0.48 g/em3) could survive mine blast without
structural fracture. A second stimulus was that David [35] reported that steel plate
sandwiched stainless steel honeycomb, when subjeeted to initial velocity ehanges of
the order of 650 ft/see, exhibited an increase in ability to dissipate energy by & factor
of 2 to 3 over that observed for static loading crushing tests wch as reportcd by
MeFarland [36).

Balsa wood was considercd a candidate because its specific energy absorption
was nearly cquivalent to that of steel honeycomb for static loading conditions [3%).
_Furthermore, the spring back of Balsa wood is negligible when the grain is parallel to
the load. This property could serve to provide the space neeessary for other materials
_ to absorb blast encrgy.

No study of composite armor would be complete without etmsidermg hcvlar. ,

The energy potential to absorb blast loading is significant if & dcsign is chosen which
allows the wmaterial to slrotch and not fraomre.

As longitudinal and shear waves traverse a composite material, stresses are
teansmitted and refleeted at cuch material interface. For design purposes, an

estimate of attenuation or amplification to be expected from a given cemposite

layered design is given by Kinslow (38). The method is based on assumptions which

prediet stress wave transmissions and refleetions oil lhe basis of- ampcdunec mumwlch

relations and aritoria.

, Based upon the above eonsidu-ntwus, the baseline composne armor design that
was ehosen is shown in Pigure 7. The actual materigls and layer thicknesses

“investigated in this study are listed in Table 1. The nunibers listed in the table

. T K . . .




correspond to the layer numbers shown in Figure 7. Table 1 lists the test number, the
material layer and corresponding thickness, the order in which the materials were
layered, the total composite plate thickness tested, the total weight of the two foot by
two foot plate tested (excluding test frame and bolts), and the areal density of each
composite plate. Constraints placed on the composite armor were that it not exceed a
3 inch (7.6 em) prototype thickness, that its prototype areal density not exceed 65
Ib/ft2 (320 kg/m2) which is equivalert{ to about 1.5 inch thick steel, that the
prototype cover plate be steel armor and not exceed a 3/4 inch (1.9 em) thiekness, and,
finally, that the prototype hull plate be steel armor and not exceed a 1/2 inch (1.27 em)
thickness.,

GOALS
Thiek Areal Danet 1. 4130 R 30 Steel
7
Material iﬁcﬂii’ g/f?%ns' 4 2. Balsa wood
i 0425 510 3. Mild steel foil
2 0125 013 4. Kevlar/microsphere/elastomer
3 0.010 0.41 5. Mild steel foil
4 0125 0.94 6. Hastelloy honeycomb filled
5 0.010 0.41 with 60% microsphere/elastomer
6 0450 0.55 “~7. 4130 R¢ 30 Steel
7 0.188 7.69
Total 0.733 16.01
Full Scole| 293 b4

Figure 7. Candidate composite tank floor armor.

The armor design shown in Figure 7 was chosen on the assumption that the steel
cover plate would transmit the reflected impulse into the tank in a uniform
homogeneous manner. The functions of the steel honeycomb (filled or unfilled with
crushable microspheres/elastomer) was to slow down the motion of the cover plate and
to attenuate the transmitted shock waves and associated reflected waves by means of
crushing, refraction, reflection and viscoelastic phenomena. The steel unbonded
membrane cushions the motion of the honeycomb against the Kevlar (woven roving
weave impregnated with 20% microspheres/elastomer) via membrane action, The
crushable, viscoelastic behavior of the Kevlar adhesive was expected to further
attenuate the transmitted stress waves. Since the Kevlar as shown is not bonded at
either boundary to the steel membrane separators, the Kevlar is free to move and
absorb/slow down the stress waves and honeycomb loading. The second steel
membrane encourages a uniform load to be transmitted to the balsa wood. The balsa
wood serves to allow the Kevlar to strain and to further absorb the attenuated residual
energy to the hull plate. The expectation was for the steel hull plate to react to a
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nominal load of longer duration (as ecompared to the initial impulse loading history).
Furthermore, it is expected that much of the blast loading will be diffused into the

‘test fixture structure in a manner representative of the prototype.

TRANSIENT PLATE DISPLACEMENT DATA

Two sets of transient plate/rod displacement data were obtained for both quarter
scaled monolithic steel and composite armor plates. Transient plate surface
displacement data were obtained from the electric shorting of copper pins shown in
Figure 5. Transient displacement of the stainless steel rod's center of gravity was
obtained from film (Figure 6). Resulting velocities for both the plate and rod were
graphically generated from the displacement data. The instantaneous plate velocity
was obtained by measurement of the radial plastic strain for each copper pin as
described above. Typical data from fifteen quarter scale tests are shown in Figures
8-10.

Data in Figure 8 is from a 0.25 inch (0.64 em) thick monolithic steel plate model
representative of a one-inch thick prototype tank floor. Data in Figure 9 is from a
0.79 inch (1.9 em) thick composite floor model (Figure 7) representative of a 3.1 inch
(7.9 em) thick prototype tank floor. Finally, data in Figure 10 is from a 0.375 inch
(0.95 em) thick monolithic steel plate model which is equivalent in areal density to
that of the composite plate. Also shown in Figures 8-~10 are the permanent rod plastie
deformation (a), the estimated time of plate-rod separation (b), the permanent
deformation of the plate (e), and the maximum elastic deflection of the rod (d). In
each figure, circles (®) represent plate surface displacement, squares (5] represent rod
center of gravity displacement, triangles (&) represent plate lateral velocity, stars (%)
represeit rod center of gravity veloeity, and diamonds ({)) represent instantancous
veloeity measurements,

The basic characteristics of the steel plate responses are similar to those
predicted by Lottero [8] and measured by Wenzel [11], Jones [23], Bodner [26] and
Florence [28). T-e basic characteristics of the steel rods are identical to those
reported by Valentine [29], Abrahamson [30], and Wright [31). Similarly, the plastic
deformation and buckling of the copper pins were identical to that reported by
Holloway [25], and White [21).

Close agreement is found between theory bascd on test data [6] and tests
performed in this study if the soil Rayleigh wave velocity is correctly assumed.
Design equations proposed by Westine [6] and those measured in this study for 0.25 in
(0.64 cm), 0,31 inch (0.79 em) and 0.38 inch (0.95 em) thiek plates are compared.
Westine's design equations prediet (using a soil Rayleigh wave velocity of 846 ft/s)
maximum residual plate deflections for fixed edge-clamped steel plates of 0.95 inch
(2.4 cm), 0.72 inch (1.8 em) and 0.56 inch (1.4 em), respectively. In this study, the
deflections measured were (.94 inch (2.4 c¢m), 0.66 inch (1.7 em), and 0.55 inch (1.4
cm), respectively. These agreements are excellent. The ratios of maximum deflection
to permanent deflection for the scaled monolithic plates were within the range of the
ratios obtained by Wenzel 18],
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Quantitative and qualitative data obtained from the rod related to plastic
deformation and buckling as a function of impact velocity was also in agreement with
that reported elsewhere [29-31].

In the context that only three monolithic steel plates were tested, it is concluded
that the data obtained using the specified test apparatus is valid and representative of
quarter scaled tank floor response to blast. For the purposes of this paper, steel plate
data is considered as a baseline from which to compare the responses obtained from
composite floor armor.

DISCUSSION

It is not the purpose of this paper to discuss the theoretical and experimental
phenomena of plate, plate/rod and rod deformation induced by blast loading. The
purpose is to present reasonably valid data that can be used to estimate the potential
advantages and disadvantages of hybrid composite tank floor armor as compared with
monolithic steel armor,

Table 2 lists an overview of the data. Various relative ratings were obtained
based on six different types of measurements. The six measurements used to rate the
composite plates were velocity/force measurements obtained from the copper pins,
longitudinal permanent deformation of the stainless steel rod, permanent plate
deflection, average maximum velocity of the plate surface, average plate
decelerations, and maximum initial acceleration.

Data given in Figure 9 shows the greatest blast loading attenuation of the various
combinations of balsa wood, honeycomb (filled and unfilled) and Kevlar composite
plates tested, based only on permanent plate deformation. Comparison of Figure 9 with
Figure 8 shows that the composite plate (Figure 7) significantly attenuates the blast
loading with respect to the baseline for monolithic steel tank floor armor (one-inch
thick prototype). Comparison of Figure 9 with Figure 10 shows that the structural
response of the composite armor is more or less equivalent to that of a monolithic steel
armor of equivalent areal density. However, the shock isolation of the composite armor
is significantly greater than that of the equivalent areal density steel armor., This is
evidenced by the residual permanent deformation of the steel surface plate (1.42 cm
versus 0.94 c¢m) and the stainless steel rods (0.95 em versus 0.71 e¢m) and the G load
attenuation given in Table 2.

Model data given in Figures 8-10 must be interpreted, as discussed above,
whenever prototype behavior is being estimated. Recall from Figures £ and 3 that the
time scale, impulse and displacements in Figures 8-10 must be adjusted by a factor of
four. The model plate accelerations are four times those expected for the prototype
plate. But, the forces transmitted by the model plate to the test fixture representative
of the adjacent tank structure are one-sixteenth times those expected for the prototype
model. Therefore, in the context of shock isolation to critical items within a prototype
tank, the shock isolation improvement expected is an order of magnitude greater than
that observed from the scaled model tests. Improvement in shock isolation over that
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inherent to the one-inch baseline floor armor is obviously even greater. Those
predicted improvements in shock isolation must, of course, be verified by prototype
tests,

It is obvious from Figure 8 that the crew member of a conventional tank must be
suspended from the floor if he is to survive the blast effects from a land mine. It is
not known if and how the shock loading can indirectly incapacitate the crew member
ot other critical components within a tank. Speculation made in 1968 by Wenzel [11] is
confirmed. Velocity data in Figure 8 confirms the floor velocity estimates made by
Norman in 1970 [39] and updated in 1975 (5] which predicted that average tank floor
velocity changes could be at least 340 ft/s (104 m/s). Hence, it is apparent that
significant shock isolation improvement is needed if tank mission survivability against
mine blasts is to be realized.

CONCLUSION AND RECOMME NDATIONS

Data was presented to confirm that the shock isolation of monolithic steel floor
armor to mine blast is unacceptable for the survivability of critical items within a
tank. Scaled tests showed that a composite armor consisting of balsa wocd, Kevlar
and steel honeycomb offers a significant improvement in shock attenuation over that
of monolithic steel armor plate of equivalent areal density. Prototype tests should be
performed to evaluate the predicted improvement in shock isolation of the given
composite design. Other hybrid composite designs should also be evaluated.
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DYNAMIC STABILITY OF STRUCTURAL ELEMENTS SUBJECTED TO STEP-LOADS

GEORGE J. SIMITSES

Professor

Georgia Institute of Technology
Atlanta, Georgia 30332

ABSTRACT

The dynamic stability of two mechanical models, subjected to suddenly
applied loads of finite duration, is presented. These models are character-
istic of structural elements and configurations, which (a) have initial geo-
metric imperfections, (Model A) and (b) are subject to unstable bifurcation
(Medel B). The emphasis is placed on presenting a clear definition of the
concept of dynamic stability and clear criteria and related estimates. For
each model a complete stability analysis is presented for quasistatic appli-
cation of the load as well as for dynamic application (suddenly applied loads
with finite duration, including the extreme cases of infinite duration and
ideal impulse).

I. INTRODUCTION

Dynamic stability of clastic structures has drawn considerable attention
in the past thirty years., The importance of the subject lies primarily in the
constant demand for lightweight efficient structures, which requires a good
understanding of how structures respond to loads that inducc dynamic cffects.

The term "Dynamic Stabiiity" encompasses many classes of problems and {t
‘has been used, by the various investigators, in connection with a particulay
study, Thercforc, it is not surprising that there arc variouﬁ intorpretations
of the wmeaning of the term,

The class of problems falling in the category of parametric exeitation
are the best defined, conceived and understood problems of dynamic stability.
An Ltcgllﬁﬁﬁ treatment and bibliography can be found in the book by V.V, Bolo-
tin L1J,

Moreover, many authots refor to problems of the "follewer force" type as

. problems of dynamic stability [2-3]. The primary reason for this is that
critical conditions can be obtained (in many cases) only through the use of
the "kinctic" or "dynamic" approach to static stability problcms (flutter in-
stoad of divergence type of {ustability). '

In addition, problems of aeroclastic instability and flow-iidrcced insta-
bility (fluid flowing through pipes) also fall under the g 5euora1 heading of
dynamic stabilicy.

A large class of structural problems that has received attention recently

and does qualify as a category of dynamic stability is that of fmpulsively
loaded configurations and configurations which ave suddenly loaded with loads

87

HUCKDING BAGE BLANK-NOT F1isan




et e e Azt e

of constart magnitude and infinite duration. These two types of loads may be
thought of as mathematical idealizations of blast loads of (a) large decay
rates and small decay times and (b) small decay rates and large decay time$

3 R respectively. For these loads, the concept of dynamic stability is related

4 3 with the observation that for sufficiently small values of the loading the sys-
; - tem simply oscillates about the near static equilibrium point and the corres-

¥ ponding amplitudes of oscillation are sufficiently small. If the loading is

B F: increased, some systems will experience large amplitude oscillations or in gen~
. : : eral divergent type of motion, For this phenomenon to happen the configura-

. tion (turns out) must possess two or more static equilibrium positions and
"tunneling-through" [4] occurs by having trajectories that can pass through an
: 2 unstable static equilibrium point. Consequently, the methodologies developed
’ 3 by the various investigators are for structural configurations that exhibit

3 2 snap-through buckling when loaded quasistatically,

Solutions to such problems started appearing in the open literature in
the early 1950's. Hoff and Bruce (5] considered the dynamic stability of a
pinned half-sine arch under a half-sine distributed load. The ideal impulse
problem as well as the case of a suddenly applied load with constant magnitude
and infinite duration were considered in this paper. Budiansky and Roth (6]
in studying the axisymmetric behavior of a shallow spherical cap under sudden-
ly applicd loads defined the load to be critical, when the transient response
inereases suddenly with very little inerease in the wagnitude of the load.
This concept was adopted Dy numevous investigators (7] in the subsequent years
because it is tractable to computer solutions. Conceptually, one of the best
efforts in the area of dynamic buekling, under impulsive and suddenly applied
loads, is the work of Hsu and his collaborators [8~111, 1In his studiss, he de~
fined sufficiency conditions for stability and sufficioncy conditions for ine-
stability, thus finding upper and lower bounds for the eritical impulse ov
eritical sudden load. Independently, the present author ([12] 1n dealing with
the dynamic buckling of shallow arches and spherical caps termed the lower
bound as a minimum possible critical load (MPCL) and the upper bound as a win
fmum guaranteed critical load (MGCL). -

The purpose of the prosent paper is twofold, First, {t {§ inteaded to
- clearly demonstrate tho coneept of dynamic instability, facluding criteria and
estimates, for impulsive and suddenly applied loads of iunfinite duration
through some 8imple mechanical wodels (one- and two-deprees of freedom), Sec-
~ ond, to extend the concept to the case of suddenly applied loads of Einite
duratfon. These nodels are representative of {mperfection seasitive struc-
-tures, and of systems that oxhibit unstable bifurcation (shallow arch and
spherical cap). - o

II. NMODEL A, GEOMETRICALLY IMPERFECT MODEL

Consider the model shown on ¥ig. 1. This model consists of two rigid
bars of cqual length, L, pinned together. The left bar is planad on an im-
movable support, A, while the vight end of the second bar is pinned on a wmov-
able support, C, and loaded by a horfizontal counstant-directional force . A
lincar spring of stiffuess k connects the bax common pin, 8, to an immovable
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su ort, D, which is L units directl
0\\ L\ PP ’ y

..... - F below support A. The initial geometric
T,.ﬁet; 7 m imperfection, 95,is an angle between

the horizontal line, joining supports A
and C, and bar AB (or BC). Thedeformed

L position is characterized by angle 9,
k as shown (in its positive direction).
11 -~ 1. Static Analysis
n/
The stability analysis of this
Figure 1, Geometry and Sign model under quasi-static appiication of
Convention (Model A). the load P is performed by employing

the energy approach. Through this ap-
proach, equilibrium is characterized by

dUT/de =0 1)

vhere U is the total potnetial, and the character of equilibrium (stable or
unstablg) by the sign of the second derivative.

The cotalvpotentiél is;
TP el o TFS0T - VTF o 0,00 - p (cos 0, = cos ) ()

where p = 2P/kL, and UypP denotes the nondinonsionaltzed total potential, fhe
superseript p implies '“under load p."

The static equilibxium points are characterized by

p s Ldi+siu6 - Jirsinﬂ ] cotOﬁJL+sin for 0 # 0 : 3)
. Note Lhat. £or B, = 0 equilibrium is chavacterized by
either - 8=0 or  p=cotd (1-1/\Tesinl) (4)

Equilibrium positions axe plotted on ¥ig., 2 as p versus 0.0, for various val-
“ues of the geomotric imperfection Uy. the stabilivy test reveals that the
dashed line positions are stable, while the solid line positions are unstable
and snapping (violent buckling) takes place through the oxistence of a limit -
point., Also note that positions chardcterized by negative values for 0.0,
(oot shown herein) are stable and there is wo possibility of buckling. fhere-
-~ fore, our interest lies in the area oi 0, > 0 aud 6-0, > 0,

11 - 2. 1ldeal Impulse

Assume that the load {s suddenly applied with very short tiwme, so that
the impulse, (Pt,), can be imparted instantancously into the system as inde
tial kinetic onergy. Through impulse-momentum, one can casily derive the
following relation '

8 29y M |
(Pry) = (g7 + sin %) sinb s : *
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Figure 2. Load-Displacement Curves (Model A).

where m is the mass of cach rigid bar, 6 = %% at 0 = Od, and to the duration

time. Since the system is conservative, then

u.‘; + 79 = const. T‘; (6)

where Uy denotes the total potential for p = 0 [see Eq. (2)], 1°is the kinotic
ocnergy, given by

™ w w2 (14 3 sin®e)(8)2/3 D)
and Ti is the initial kinetic energy, emparced by the impulsive load. Note
that the constant in Eq. (6) is 1{ because UR(O = 8,) = 0. Also, by Egs. (7)
and (5)

sinzeo 9
5 (Pt) (8)

Py

1° « m? (14381020 o) 3
3 mzhz( + sin o)

In otder to understand the “concept" of stability or instability under an im-
pulsive load for this one-degree-of-freedom model, let us consider Fig, 3,

which is a plot of UT vorsus 0-6
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Figure 3. "Zero-Load" Total Potential Curve (Model A),

According to Eq. (6), and since ° is positive definite, motion is pos=-

sible if and only if
TO

[¢]

i UT 20 9
This implies that, for a given initial ki.etic encrgy, and conscquently a
given impulse, Eq. (8), say I} = D (see Fig. 3), motion is confined in thg Te-
gion ©9;0-8 < @7y, It is clearly seen then that, as long as T¢ = D < kliyx
W2 - JTreIn )2, the motion of the system is bounded and it contains only the
stable "zero Yoad" static equilibrium point, B. Such a motion is termed "un=
buckled." For the motion to cease to be "unbuckled," i.e. to become unbounded,
D must be, st least, cqual to the value of UR at the unstable point C. Then

- that point (C) can be reached with zero velocity and the motion can become un~
bounded, Clearly if D is even slightly higher that che U% = value at point C,
the motion does become unbounded and it can contain other static equilibrium
points, such as point C. Such a wotion is called "buckled” and a critical con=
dition exists when tho impulse is large enough to satisfy tho roaltion

9 = UR(C) : (10)
Introducing nondimensionalized time and load parametors
' T, " To(k/m)5 p = 2P/kL 7 (11)
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and making use of Egs. (10) and (8), one obtains
8 2 T
(55 + sin eo)(f A\/‘l+sin90)

(pr ) _=2/3
o er sing J1+3sinzeo

Two observations are worth mentioning at this point: (a) Because this is
a one-degree-of-freedom model, the critical impulse (pT ) given by Eq. (12)
represents both the minimum possible (MPCL) and minimum guaranteed (MGCL)
values as defined in [12]; (b) Although, the concept presented so far is
clear and it leads to a criterion and estimate of the critical condition, it
might be impractical when applied to real structures., In the particular
example shown so far, it is clear that, according to the presented concept
of dynamic instability, "buckled' motion is possible if the system is al-
lowed to reach the position 6 = n/2, In many cases such positions may be
considered excessive, especially in deflection-limited designs. In such
cases, if © cannot be larger than a specified value, then the allowable im-
pulse is smaller and its value can be found from Eq. (10), if C is replaced
by the maximum allowable value of 6, say ®L’ In this case

(12)

. WF 24 + sin 9 )(J1+sitﬂ3 J1+sin0°)

allowable
sinadJ1+3sin“0°

II - 3. Constant Load of Infinite Duration

(pr,) (13)

The concept of stability, for this case, is also based on the defini-

~tion of "buckled” or "unbuckled" motion. For this case, the sum of the

total potential and klneti¢ energy is zero

R + 1P w0 , (14)
Fig. 4 shows plots of U versus 0-0 for various values of the applied load,
p. It is seen from thié figure thaf €or p <0.432 motion is confined between

che origin and 0.0, = A, A eritical condition exists when the wotion can

become unvbounded by including position A (buckled wotion). Thus the cxite
ical load is found by solving the following equations, simultancously -

.} t0
u = 0 and p = [fleging - Jl+sin0 ] S0
0% Sivsind
2&
a0, , , - :
. with ~——l-< 0 : _ (15)
40“ ' , -
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Figure 4, Total Potential Curves (Model Ay © ﬁo 005,
The inequality condition ensures that P « 0 at an unstable equilibrium
~ potnt.  The vesults, for this model, are pregnnted graphically on Fig. 5. For
~this load case also, (MPCL) aud (NGCL) are the same.. ' '

I1 = 4, Constant Load of Finite Duration
The concept of dynamic stability and the related critorion and estimate

for this load case, ave extensions of those used in the previvus two dynamie
cases. Noreover, these previous cases are limiting cases of the present ovue,
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3 '{ { Since the system is conservative, —r 1 T
I 7 - one can write -
R b

E X _ o - B

b Up + 15 =0 0O<TsT (16) j

where TS is a time parameter charac-
terizing the load duration time.
Similarly,

-0 -0 =0 T0 "\
Uy + T = U, (r )+ T @)t (17
The following observations are 40 -~
made concerning the boundedness of

motion for load p applied for To units,

First, it is recognized that if the

applied load is smaller than the crit-

g ical load for the case of constant a%

. load and infinite duration (see Fig. 4),

; then the system will simply oscillate
about the near stable static equilib-
rium position and there is no possi-
bility of "buckled" motion, vegardless
of the duration time. Thevefore, dy- \\\\\ b

3 namic ingtability can exist, if at all, - .

g only for loads greater than the erit-

a2 ical load of case I1-3, The question, g’ 1

4 then, is for how long, T, must such a .00 j

; - n load be applied in ovder for the mo- 0

| 3 L tion to become unbounded (buckled). 0.10° racians

& This question and its amswer are best Figure 5. Static and Dynamic
understood by referring to Fig. 6. Critical Loads (Model A),
In Fig, 6 the total potential for .
zevo load, U, and for load, p,
greater than the case 11-3 eritleal lond,UP, are plotted versus 0=-0 . Llet

4 & denote the position § veached by the ays@em at the end of the duration

S time, v . A cvitical eondition can exist (buckled wotion is possible), if

: : : the load Py applied for v units. has imparted sufficiont emorgy into the
systom, 80 that it can rofieh position A[UT(§ =0 )] with zero kinetic enovgy.
Note that position A corresponds to the uastable static equilibeium position

- : - uidor zero load, , :

3 S On the basis of these obaervations, one {8 intorested in estimating the

S : critfcal condition (the comwbinavion of p and v for this dynamie fnstabilivy
to exist). This is accomplished through the onlawlug steps: (a) at the
fnstant the load p is veleased, Ty there exists continuity in kinetic energy,

oW N

NP

*

Wy ey o @ ette (18)
(b) from Bq. (16) 1P(@) = -12@) (19)

(¢) use of Hqs. (19 and (18) in Hg. (17) yields




Figure 6, Total Potential Curves (Model A).

°© M. oyt - uPe);
Uy (3 = 8,) Ur(f? Uy (8); (20)
which for this model becomes (+/2 = J/1+sIn® )* = p (cosO - cosB) (21)

(d) From Eq. (16), through Eqs. (2) and (7), one may find the expression for
d0/dr and consequently
' ' (1/3 + sin Zoydy . '
v = s | (22)
0 o Lp(cose «cosf) - @J7+sin0 - J/1+sind ) ]

Thus, for a given p, calculate & from Eq. (21), and the corresponding, ¥ o
from Eq. (22). Note, that computationally, it is easier to assign values
~of 8 (from e to ) and compute the uorrespondins values of p, from bq. (21)
and To? from® Eq. %22)

The results for this model are presented graphically on Fig. 7, as plots
of P, Versus v for various values of 6 . Note that, as T =5 Py, 2P
ptoacfeu the value of Pey for constant 18ad and infinite duration. “Yhe re-

- sults also show thar for extremely small (& -%)-yaluea. (pr is the same
as the ideal impulse, For this case also, the (MPCL) and (gﬁﬁt) are the same.

Note, from Fig. 7, that for small duration times (1)< 0.1), the eritical
loads arve extremely high. This suggests that, in real structures, there
might be a critical condition in waterial behavior, rather than fa system
response .,

Finally, in this case also, if one deals with a deflection-limited
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, cr
- design, say 0 < 4, Ug(~ 0) must be replaced by UT(A - 8 ) in Eq. (21).

IXII. MODEL B. A SNAP-THROUGH MODEL

Consider the model shown on Fig. 8, which consists of three equal
length rigid bars, The three bars are pinned to each other, and they are
connected with rotational springs of stiffuess B (linear). The left bar is
pinned onto an immovable support, while the right bar is pinned onto a
wovable support, which in turn is connected to a wall through & linear
extensional spring (horizontal) of stiffness k (linear), The middle bar is
originally horizontal and the loading consists of two equal concentrated

“forces, ¥, applied at the ends of the middle bar and remaining verctical.
“the original angle between the horizontal line, joining the supports and the
end bars is a. The angle between the horizontal and the left bar in a de-
formed state is O, vhile the angle between the horizontnl and the right bar
is .




Figure 8. Geometry and Sign Convention (Model B).

This is a two-degree-of-freedom model, and as it wil}l be seen, from
the ensuing discussion, certain new features enter into the solution.

Assuming that ¢,0, and ¢ are small angles such that their sine can be
well approximated by the angle itself and the cosine by one minus half of
the angle squared, then the expression for the total potential is given by

UTH%5[592+ S:pz-&pe-zea-apa]

2
+KL 2

2 2 2 (23 -
> @ -0 - " +¢8)° - PL (20 - 6 - ¢)

The independent variables are ¢ and © and the symmetric response mode
is characterized by 8 = ¢,

New variables r & s, are introduced such that the symmetric Lesponso
is characterized by s = 0, -

. These are _ '
0a¥f (-0 o =VE (r+9) e
or r e (0+@)/2V6 8= (p ~06)/2VE (25)

where B = a/kL2 is a nondimensionalized rotational spring stiffncss parameter,
Through introduction of additional nondimensionmlized pavameters :
[ ] . -

1 .
ﬁrnﬁ'{f | - -p-,ﬁz - (26)
and by letting _02- wBA . o 27
the following expression for the total pot:pnt:inl is obtained. 7 |
| i, - (c2e95%2F x & ) + % (t\-ﬂr_z-;‘ls?‘)'2 - 2p (Rer) | - (28)

“IV - 1. Static Analysis _—

It can easiiy be shown that, 1f P = 0 (no xotational springs), the system
is unstable for zero load, P = 0, and thus the P = O case 18 excluded from
the present discussion, which also allows the wondimensionalization given by
Eqs. (27) and (28) (division by a monzero number). '
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The static analysis is performed by employing the emergy approach.
du

For equilibrium —d—f- =0=2(r - \/K) - (A - r2-382) 2r + 2p (29)
and _
du

—F=0=18s - (A - r2-3s%) 6s (30)

By introducing a new load parameter, Q = p -y (31)

the equilibrium equations, Eqs. (29) and (30) become
h-1-r2-3Hr=0; sh=3-12-3%H =0 (32

There are two possible solution to Eqs. (32)
(1) Symmetric response s = 0, and

(A-1-tH) r=q (33)
(ii) Existence of asymmetric response, s # 0
A= 3= r2 + 332 } 2r = Q (34)

The equilibrium positions, Eqs. (32), are plotted on Fig. 9 as a load-

-deflection, Q-r, curve,

On the basis of the results and by perfoxming the stability test (second

“derivatives), the following conclusions are drawm,

(a) For A < 1 there is no possibility of buckling
(b) For 1 € A< 3 the responsc is symmetric (5 © 0) and buckling occurs
through the limit point (pt. C on Fig. 9). Positions between A and C are

~stable, and the critical losd is given by

Qer'a/n;‘ 'or | u\m+ 2\’“ I (35)

(¢) For 3< A<4 thereis a possibility of awmetﬂc modes. but for this
cange of A-values, point B is to the left of potnt C (?ig. 9). e,

ﬁE:Ilﬂ.J_‘““‘ | | 6

and buckling still occurs through the limit point. Therefore, Pey is given

(d) For A > &4, buckling occurs through the existence of unstable bifur-

- cation (Pt. B). Positions A te B are stable, positions BCO and BO ave uustaa

ble, and the exitical load is givew by
Q. * 2ied  , or P, Vi b WReD. ‘ 37

~ Critical (buckling) loads are plotted on Fig. 10,

111 - 2. 1deal Impulse
In order to simplify matters, it is assumed that the three bnfs are

weightless and that the fmpulse is imparted into the system through two masscs,
w, at points B and C. This is also used in determining the initial 12. kinetic
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Figure 9, Load-Displacement Curves (Model B).

energy of the system, Thus
25 (dr

oy = B ol g w1 wB G0 a0
vhere To is the duration time. '
| Introduction of'thq new nondimensionalized parameters; . _
Tet (5 | T, = 1 /Bzm, .o ', (39} |
yields ( e ZL PN
R )‘r-.m ] Cen
'The concept of dynamic stabiltty 19 similar to the one used in caae II- w S
LTS SR SO e Ay

A critical condition exists, if the iwpulse, (pv,), ioparts. shftiuient kinetie - -
energy into the system s0 it can reach, with zero velocity, an»unstable staﬁiu“,~~~fﬂ“-

 equilibrium point on the "zeroaloud" total potencial “T

Clearly, then from Eqs. (b\ and (41)

(P?O)Ct'

Thus, before (pr ). _ can be- found, one sust have kuawledge ot all stas R S
 tionary points and ot Oufibtr charactex (atable, unstable etc.). Starting with . .
the expression for UT (Eq. (28) with p = 0], requiriag equi 1ibr Lua, - and peru:

forming a stability analysiu the following results. ate obtntned.
_ rtacionary ng;nts and Their character - -
pe. 1 at (R,0) . Stable (Relative Ninimum) =
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Pt. 2 at [-@A - J/A-B)/2,0]
Pt. 3 at [-(/A + JA<8)/2,0]
Pt. 4 at (/A2 , JR=2/2]

Pt. 5 at [-/A/2 , -/A<2/2]

| L | | |

Unstable (Relative Maximum)
Stable (Relative Minimum)
Unstable (Saddle Point)
Unstable (Saddle Point)

We observe that there are two pos-
sibilities of the motion becoming un-
bounded; (a) by reaching Pt, 2 with
zero velocity, in which case the system
will definitely move toward Pt. 3 (far
stable point); in this case the corre-
sponding critical impulse is termed
(MGCL) because UR (Pt. 2) is the lar-
gest of all U° (stationary pts,) thus,
regardless ef the path of motion in the
r, s space; (b) by reaching either Pt,
4 or Pt. 5, in which case there is a
single possibility of the motion becom=

ing unbounded and enclosing one unstable
— point. Note that, in this case, there
is a possibility of unbounded motion,
but this is not guaranteed, because the
system can simply osecillate in the r,
s, space bounded by lines of equal po-
tential to U% (Pt. 4) enclosing only
the near staile stable point, Pt, 1,

' _ A '
~Pigure 10, Statie Critical

Thus, the corresponding critical im-
palse is called (KPCL).  (MPCL) and -
(MECLY denote upper and 1ou¢r bounds of

By Bq. (42) - Woler:.
y Bq. (42), | |
(HPCL) (p‘l‘a) op * WA o
4 3y
. PREE e 4 L 2 ?ﬁ% . (e
MOCL) (e ) g = Lsheze \/ﬁ\ b 4 (mg/ o)) g
Notu that eritfeal conditions ¢. 1 exist only for A > &, I A % &4, there

is wo far stable static equilibrium point on :he “zetuwlond" total potential.

o The results. are plotted on Fig. 11,
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The cohcept of dynamic stability is sfwilar to the ore uged for one~dx-‘*
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loads for which there is a possibility of “buckled" motion, wille the ‘upper

bound corresponds te loads for which the motion will definitely be "buckled. “1¢x7
‘Becduse the existince of bounds is dependent upon the value of & the discua- o

sioa will be based on the range of A-values. e
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.and the “saddle” points, Pt, 4 or Pt, 5 '
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Figure 11, Critical Ideal Impulse (Model B) -

(a) For A < 3 there are no saddle points and the system behaves as a one-de-
grec-of-freedom system. Therefore, for this case the governing equations are

- 2
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ét a ""'saddle" point than at a relative maximum point., This can be proven
through computation of U@ at the corresponding points.

Jarenthesis 2: Regardless of the value of p and A (for_A > 3), the total po-
tential at any s position, but a fixed r-position (r = r <,/A-3), has a higher
potential than that of a position characterized by r = r and an s-position on
the ellipse 9 2

r'+ 38" =A-3 (45)

Note that the ellipse, Eq. (45), defines the locus of static equilibrium

~ points ("saddle" points).

 Proof: Let AUR denote the difference in total potential, between the any s~
position and that of an s-position on the ellipse (r = r), Then, from Egs.

(28) and (43) (5P = (5Rr9s” oR T4 M(h -0 - 35D 2 - 290K - 1))

lh -2 - 282 - off - 2p(/8 - D))
52 2

2

-2 -
3(r + 362 - Ny + o %‘(A'rz - 3s9)
¥(h-3-172-35%20  qQE.D. (46)

2
2
Clearly the difference is zero when s is on the ellipse and positive for all
other s,

Parenthesis 3: For p 2 vﬁ + 2/A-3 [loads higher than the static critical
load - see Eq. (37)], if ry; < ry £ J/A-3, then the total potential on the el-
lipse, Eq. (43), is higher at rj than at rp.

- Proof: By Eqs. (42) and (59)

o

n

Aﬁg = ﬁg(rz) - ﬁg(rl) = 2(ry=r)) [p - W = (¥, + 1)) (47)

-p ) - -
. . Since xro - rp is positive, A, is positive if p > JK-+ (r, + r1), But p
= R+ 2JA-3, thus if A,/K + 2/A-3 > + (rotry) then definitely p > JI-\ + (rp

+19), Clearly from the statement of the parenthesis 2/A-3 > r, + Ty which

- concludes the proof.

As the load is increased from zero, at low values of p the zero potential
lines in the rs-space enclose only the near static equilibrium point and the
motion is "unbuckled", At same value of the load, the first unstable point(s)
at which the total potential can become zero is (are) the ''saddle' point(s)

according te Parenthesis 1, At this load there is a possibility of 'buckled"
motion through the saddle polnt, This load, then, is called (MPCL). The gov~
erning equations for finding this critical load, as well as the corresponding
‘position (sr coordinates) of the saddle point are: .

08 = (eepe’2/K o) + 4 (Aer'-36D) - 2p(/RD) = 0
' (h-1- r2 - 382)r'= p-JA (48)

A-3-2-32a0

Note that ''saddle' points are unstable, thus, there is no need for applying
the stability requirements, The solution to Eqs. (43 yields (MPCL): Per
= 3¢/A-1) and "saddle" point at r = R« 3/2; s=+ (\/N-Nl&)*. %49)
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The solutions to Eqs., (43) and (48) are plotted on Fig. 12,

As far as the case of the upper bound is concerned (MGCL), there are two
ways through which a guaranteed 'buckled" motion can be achieved. One way is
to require Up at the relative maximum unstable static point to be zero. 1In
this case the motion is definitely buckled and the critical load can be ob-
tained from the solution of Eqs. (43). The second way is for loads_which are
equal to the static critical load for asymetric buckling WA + 2/A<3). Inthis
case, although the total potential at the relative maximum point is higher
than zero, guaranteed "buckled" motion can be achieved because of Parentheses
2 and 3. In this latter case, p_. (MGCL) is given by the expression for the
static load. Both results are sfiown graphically on Fig., 12,

Note, that the upper bound is the smallest load computed, either by the
solutions of Eqs. (43) (for 4/7/4 < A < 5.3), or by the static critical load
(for A = 5,3). Moreover, for very large A-values the upper and lower bounds
approach each other,(BJK).

III - 4. Constant Load of Finite Duration

In this particular load case, the critical load is bounded between an up-
per bound (MGCL) and a lower bound (MPCL)., 1In either case the question to be
resolved is as follows: For a specified duration time, T,, what is the value
of the load such that the subsequent motion can definitely become unbounded
for the former case, (MGCL), or can possibly become unbounded for the latter
case, (MPCL). Since the load is released after T time, the motion becames
unbounded through either the relative maximum point on the "zero-load" total
potential ox the "saddle" point on the same potential, Therefore, the solu-
tion 1s sought by requiring the load for duration time T, to impart sufficient
kinetic energy into the system in order to reach the unstable static equili-
brium points (stationary points) with zero velocity.

On the basis of the above discussion one may proceed as follows (in a
similar manner as in 1I-4):

- wl) = -
ug + 1w U;(To) + TO(TO); T

and b p o (50)
U+ T =03 VRS BES o

11\

Note that at 7, the system is at some position (P.é), whichk implies that
the path associated with the motion during 0 < r 8 1, can play a significant
role.

Requiring coutinuity in kinetic energy at r = T, One may write
' 0 p i
1 (?o) w T (70) - U.(fo) (51)
Consequently, requiving the system to reach an unstadble static equilibri-
um point with zoro veloeity yields '
=0 N oo O . np
UT(unSC. st. pt.) UT(TO) UT(TO) (52)
1his last equatfion, when the expressions for ﬁ: and ﬁ: ar¢ substituted on
the right-hand-side, becomes
Uf(unst. st. pt.) = 2p(/A-F) | (53)
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From this equation it is clearly seen that for a fixed r-value, there is

only one p-value. Therefore, a better question to ask is 'out of all possible
paths in the rs-space, which one must be followed in order that the system
reaches position ¢ with minimum time (v )?" Thus, the problem in reality
falls in the category of the "brachistothrone" problem.

The left hand side of Eq. (53) is given by either
B (e, 4 or 5) =% (A-1)
(54)

-0 _5h 3 /2 1 2, .2
ot 6 ee.2) = 313 [%n + Fan+ 2 + /8%

The kinetic energy expression is given by
2 2
() (8]

i-x[(§) + (3 3

It is clear, so far, that the (MPCL) case corresponds to using the first of
Eqs. (54) into Eq. (53). The (MGCL) nase corresponds to using the second of
Eqs. (54) into Eq. (53). Only the lower bound (MPCL) is found in this paper,
and the following reasoning is employed, When very high loads are used in Eq.
(53), the corresponding position r is very close to the initial position r =
/K. Because of this, the probable and logical path is a symmetric path, s =0.

\
Then, from the second of Eqs. (50) one may solve for<%f) and conse-
quently through integration for To? OF

3 dr
T =
0 IJK [8p(/E-r) - 4/fr)? = 2(A-r?)?7"

Then, for a given high load p, one can solve for r from Eq. (53) and for «r
from Bq. (56). Com utationally, the problem is easier solvad as follows:
Assigu valuesof t, (fA=3 < r < /A)and solve for p and T from Eqe. (53) and (58).

(56)

If the combination of p, To is such that r < /-3, then the best candi-
date for a path of motion, during 0 < 7 < T, Seems to be symmetric, s 5 0,
for /F=T g r <A and asymmetric, see Eq. (45), for x < /R=3 primarily

. because of Parentheses 2 and 3 of Art. III-3., For this condition, the gover-

nwing equations consist of Eqs. (53) in combination with the first of Eqs. (57)
(equation of motion),which lecds to the time ¢ -equation (here the equation
of the path is employed as well as continuity fn the spead, dr/dt).

The equations of motion are:

2 2
$E . alederr2e3s?) - p+ /R = 0; L5 128(A-3-t23%) = 0 (57)
dr v

The total time, T is given by
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where 7. is given by

JA-3 dr
T, =
VR (epWRer) - 4/Ren)? - 2(a-rdy2)E

1

Tz = Ir dr
JA3 [8r? + sp(JK-r + 8/Ar - 160 + 18]%

obtained from Eqs, (53) and_(58).
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Figure 13. Critical Conditions for Step-Loads
(Lower Bound; Model B),
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(58)

(59)

(60)

- Vi
Computationally, values or r are assigned (- ST <r < /A3) and p and T, are

The results are shown graphically in Fig. 13, Note that as To =@ P,
approaches the value corresponding to the critical condition of constant load
of indefinite duration. As v =0, (pr ) _ approaches half of the value ob-

tained for the ideal impulse 8ase, Eqs? i£3), becasse there are two loads p.
1
: T rT"'l" v L T "T“] L] f‘ﬁ‘lm
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V. CONCLUS IONS

Two models are completely analyzed for quasistatically applied loads
as well as suddenly applied loads of constant magnitude and finite duration,
To? including the extreme cases of To = 0 and Ty @ These models are
répresentative of (a) imperfection sénsitive stfuctures and (b) of structures
that tend to snap-through because of unstable bifurcational paths such as
shallow arches and shallow spherical caps,

The detailed analysis for the dynamic load cases leads to clear defini-
tion of the concept of instability under dynamic conditions, as well as clear
criteria and related estimates for this class of problems.

Moreover, on the basis of this presentation, criteria and estimates may
be formulated for more general dynamic loads, such as time-dependent loads.
In addition it is the belief of the author, that the analyses of the one- and
two-degree-of-freedom models are also applicable to a large class of structur-
al elements and configurations, because many of them do behave as a one- or
two-degree-of~freedom systems. Examples of these include the two bar frame
loaded in a direction parallel to one of thebars with or without eccentricity
[137 (one-degree-of-freedom), and the shallow arch [5,9,12] (two degree of
freedom), This contention should not be confused with vibration modes or
how many terms in a series are needed to represent the static or dynamic re-
sponse of the system,

Finally, it should be stressed again, that in the case of suddenly
applied loads of finite but small duration, the level of the critical load
is very high, which suggests that the structure is critical because of -
material behavior, rather than kinematic response, '
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ABSTRACT

A practical scheme for the transient response analysis of
submerged double hulls impinged upon by incident pressure pulse
is described. Its validity is demonstrated by comparing results
to analytical solutions for two elementary double hull config-
urations. An approximate treatment of the shielding effect of
the outer aull is also suggested.

INTRODUCTION

The transient response of submerged fluid-coupled double
hull structures impinged upon by incident pressure waves has been
studied for two elementary configurations which lend themselves
to be analyzed by the classical partial differential equation
techniques such that the transient scattering and radiation pro-
blems in the fluids and the dynamic response problem of the
elastic shells are solved simultaneously. These cases are the
axisymmetric response of two initially concentrated spherical
shells [1] and the plane strain response of two co-axial cylin-
drical shells [2]. It has been learned that a thin outer shell
tends to be transparent to short incident pulses and that the
primary shielding effect of the outer shell against long incident
pulses can be estimated by asymptotic formulae.

In practical situations, however, the double hull config-
urations are much more complex than the cases mentioned above.
Moreoever, for damage predictions, the response analysis is often
required to be carried into the nonlinear elasto-plastic regime
including possible dynamic instabilities. For such analyses, the
use of numerical and/or approximate methods is inevitable,

A PRACTICAL ANALYSIS SCHEME

An analysis scheme which is practical within the current com-
putation technology has been proposed in reference [3]. It is
-briefly summarized here and will later be tested vis-a-vis the
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two analytical solutions mentioned in the preceding section,

For general double hull configurations, the solid structural
members as well as the entrained fluid will be treated by the
finite element method which has recently made great strides in
computing the nonlinear dynamic elasto-plastic response of met-
allic structures. There already exist various generalized com-
puter programs (codes) for linear and nonlinear analyses, e.g.,
NASTRAN, ADINA, PETROS, SKAGS, etc. [4]. Here the entrained
fluid is considered to be compressible and inviscid. Finite ele-
ments for such an ideal fluid have long been formulated for tran-
sient analyses of fluid-structure systems, e.g. [5,6,7]. In par-
allel to solid finite element practices, there are elements based
on displacement and force (pressure) formulations and their rel-
ative advantages have been discussed in references [8,9]. The
"pressure" elements have the least number of degrees of freedom
per element since each node has only one unknown. When they are
used for the fluid-structure interaction problems, however, the
resultant system matrix is nonsymmetric with the associated num-
erical difficulties. Since many finite element computer programs
are structured for only symmetric matrices, it would be impos-
sible to use the "pressure" elements in such programs without
major reprogramming. Even for programs with nonsymmetric matrix
operation capabilities, the use of the "pressure" elements still
requires some additional programming for satisfying the boundary
conditions imposed by such elements. The "displacement" elements
have more degrees of freedom per element since each nodal dis-
placement has n components for an n-dimensional element. None-
theless, the use of such elements for fluid-structure interaction
analyses ends up with a symmetric system matrix and the associ-
ated numerical efficiencies. Moreoever, by appropriately modi-
fying their material property matrices, many "displacement" solid
elements can be "mocked" as fluid-elements and therefore many
existing structura) finite element programs can immediately be
used without any reprogramming [B.QS. For both types of elements,
the use of suitable constitutive relations (equations of state)
in the formulation could also take into account the effect of
possible cavitation [10,11]. The effectiveness of the fluid
finite elerents for this type of problems, however, is not pre-
viously known and will also be examined here.

The treatment of the interaction of the incident pressure
wave with the finite element structural system requires some con-
sideration. It is neither necessary nor practical to use the
finite element or finite difference method to analyze the wave
field in the external flujd. Firstly, for any realistic config-
uration the finite element representation of the structural sys-
tem already requires a substantial portion of the capacity of a
modern computer. To do the same for the-external wave field
which is in general 3-dimensional would require even much larger
computer capacity albeit there exist many finite difference and
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finite element hydrodynamic computer codes. Moreover, the pro-
pagation and accumulation of numerical truncation and round-off
errors often render the accuracy of such large scale computations
uncertain. Secondly, for many practical situations, the
strengths of the incident underwater shock waves are such that
the problem does not require the full set of hydrodynamic equa-
tions. For instance, if the strength of the underwater incident
wave is below 4 x 107 p,, it behaves practically as an acoustic
pulse propagating in an acoustic medium [12]. This linearized
"acoustic" treatment is used in the present analysis scheme for
analyzing the transient scattering and radiation wave fields and
determining the interaction loading on the structure. Here, the
exact solution is represented by Kirchhoff's Retarded Potential
Integral which reduces the 3-dimensional wave field problem to a
2-dimensional problem at the fluid-structure interface [13].
Even for this 2-dimensional problem, a full-fledged solution of
the interaction problem is still being considered to be too dem-
anding on the current computing capability and tfurther simplifi-
cations can still be used to advantage. The currently most
widely used approximation for this type of problem is the Doubly
Asymptotic Approximation (DAA) [14,15§ which greatly reduces the
computation for the wave field in the external fluid, It is
therefore adopted here. 1Its range of application has been dis-
cussed in references [15,16] and its mathematical expression is
briefly described in the following paragraph,

For the analysis of a submerged complex structure impinged
upon by an incident pressure pulse, it is well known that for the
early part of the interaction or in the high-frequency limit the
scattered and radiated wave forcec can be simply given as

- .e.e

{FS} 08c® [A] {us} (1)
The above equation has been written in matrix form for convenient
interfacing with finite element structural analyses and therein
{G.} is the vector for scattered and radiated wave fluid particle
vetocities normal to the structure's surface in contact with the
external f\uidé [A] 13 the finite element area matrix for that
surface, and p- and ¢~ are respectively the mass density and the

sound speed of the fluid. It is also well known that for long
time interaction (or in the low-frequency limit) the wave forces

are simply {rs} = [M,] {us} (2)

where lus}denotes the fluid particle acceleration vector and

where [M ] is the added mass matrix which may be readily deter-

mined byvan analysis of incompressible fluid motion appropriate
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to a distribution of elemental source on the structure's exter-
nal surface [17]. Equations (7) and (2) are actually two asymp-
totic relations, therefrom Geers [14,15] formulated an approxi-
mate expression for the scattered and radiated forces

(pece)-l [A]'] {%s} + [MV]'l {Fs} = {h;}. (3)

where the dot denotes time differentiation and [A]'] and [M ] !
are the inverse of [A] and [M_ ] respectively. This expressYon

is asymptotically exact for bdth early-time (high-frequency)

and late-time (low-frequency) fluid motion, effecting a smooth
transition in the intermediate range. It is therefore termed
Doubly Asymptotic Approximation. Equation (3) is to be solved
simultaneously with the equation of motion (l1inear or nonlinear)of
the finite element structural system subjected also to forces

due to the incident wave and the boundary condition at the
interface between the structure and the external fluid

Bt g

where iw} is the normal velocity vector of the structure
elements at the fluid-structure interface and 01 represents
the incident wave fluid particle velocity in the same direction.
Various computational strategies for such a simultaneous solu-
tion have been formulated and several computer codes have been
disseminated [18,19]. Equation (3) is a system of first order
differential equations, If the external fluid-structure inter-
face of an N-degrees-of-freedom structure has N' (N' < N)
degreees of freedom normal to the interface, by this approxi-
mation the entire fluid-structure interaction problem has N +
N'/2 degrees of freedom.

An appraisal of the effectiveness of this analysis scheme
is made here by means of comparisons with the presently avail-
able analytical solutions.

THE TEST PROBLEMS

Figure 1 sketches a submerged fluid-coupled cylindrical
or spherical shell system impinged upon by an incident plane
pressure wave. The fluid surrounding the outer shell and that
between the two shells are considered to be ideal compressible
fluids in linear wave motions and can be charagtergzed by their
unperturbed mass densities and sound speeds (p-, ¢ ) and (p, ¢)
respectively. The external fluid is of infinite extent. The
shells are initially concentric. In this study, the strength
of the incident wave is sufficiently weak such that the shell
deflections are elastic and small and the deviation from the
concentricity remains negligible for the time duration of
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Fig. 1: Sketch of the Test Problem..
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interest. The middle surface radii, thickness, mass densities,
Young's modulé ang Poassog s 5at1os of the outer and inner
shells are s R ps, v ) and(a, h, s Es V), respec-
tively. For the case”of two coaxijal cy11nd§1ca1 shells, it is
a plane strain problem, while for the two spherical shells the
problem is axisymmetric.

The deflections of the inner shell in the r- and 0- e
direction normalized with respect to the outer shell radius a
are genotedeby w and v respectively and those of the outer shell
by w~ and v~ respectively. Since this is a linear problem, it
suffices to only consider the case for which the incident wave
is a step wave. The numerical results here are for two steel
shells with water yn both the exterior and the inter-shell
rg ign§ The incident pressure normalized with respect to

% is equal to un1ty. The material properties and
d1men51ons are:

¢® = ¢ 1524 m/sec

0% = o = 100 kg/m°
e _ - 3

Pg ps 7785 kg/m (5)
E® = E = 0.206844 x 10'2pA
v& = v = 0.3
h/a = 1/69

for the cylindrical
he/ae s ]/345 System
h/a = 1/50

' } for the spherical

he/ae = 1/250 system _
h/h® = 4

COMPUTATIONS AND RESULTS

For the cylindrical plane strain problem, the simultaneous
‘solution of the Doubly Asymptotic Approximation equation of wave
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motion in the external fluid and the equation of motion of the
double-walled shell system is carried out by an Underwater Shock
Analysis (USA) code [19] interfacing with NASA's general purpose
structural analysis code NASTRAN [20]. The Doubly-Asymptotic-
Approximation-NASTRAN computation has heen demonstrated to be
highly effective for the cylindrical plane strain configuration
since it reproduces the results of an exact analysis of the
transient response of a singie cylindrical shell to an incident
step wave [215

Due to the symmetry of the present problem it is only
necessary to use a finite element model for the region, 0 < ©
< mw., In the plane strain fashion, each half shell is represen-
Ted by 28 plate bending elements, and the entrained fluid by
NASTRAN “"displacement" hexahedron solid elements, each composed
of five tetrahedrons "mocked” as fluid elements [9]. The finite
element gridworks used for the computations are depicted in
Figure 2 with 56 fluid elements and Figure 3 with 112 fluid
elements. The lumped mass matrices for the systems are used,
It is also decided that the first, instead of higher, order
hexahedron elements are used for the maintenance of completeness
and interelement continuity. The complete NASTRAN finite ele-
ment models are then interfaced with the USA code for computing
the transient responses using an unconditionally stable stag-
gered time integration technique [22].

The finite element solutions are carried out by first using
an integration time step equal to 1/50 of the transit time for
the incident wave front to traverse the distance of one outer
shell diameter. This time step size is based on the experience
in obtaining the analytical solution., Results are computed for

100 time steps. Later, half of this time step is also used and

produces results which merely change the 5th or 6th dugits of
the coarser time step results.

Figure 4 compares the analytical and the NASTRAN-USA finite
e]emg:t iolut1ons for the time histories of the hoop stress
resultan

Ny o)« By e By e

- at various locations of the -interior shell using the gridwork

of Figure 2. In Figure 4,
' T = ¢%t/a®
' (7)
2 (‘ - _n)/in

- f & alae

14

T VR



Fig. 2: Finite Element Gruduork utth Two Layers of Fluid
Elements.
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and
n=(1- £)cc

where t is the time. It can be seen that there is a very good
agreement for the arrival times and magnitudes of NO(O,T')
between the analytical and finite element solutions:

Figure 5 compares the same hoop stress time histories of
the finite element solution using the refined gridwork of Fig-
ure 3. There, it can be seen that doubling the number of fluid
elements further improves the finite element results in that
the peaks and valleys of the stress-time curves rise and fall
following more closely with those of the analytical solution.
These peaks and valleys represent the circumferential stress
waves encircling the shell with the dilatational wave speed
[2,21] - a distinct response feature of this problem.

The time histories of the hoop stress resultant at various
locations of the outer shell computed based on the gridworks of
Figures 2 and 3 are plotted in Figure 6. It would be interesting
to note that in the absence of the entrained fluid the stress in
the outer shell, based upon the solution in [21], would be
approximately 3.5 times higher than the present results.

For the axisymmetric response of the spherical shell
system, the simultaneous solution is carried out by the DAA
computation procedure developed in [18,23]. Figures 2 and 3 now
represent the cross-sections of the axisymmetric finite element
gridworks. Now the outer and inner shells are discretized by
NASTRAN's CONEAX axisymmetric conical shell elements and the
entrained fluid is modeled by "pressure" fluid finite element
formulated in the fashion of NASTRAN's TRIAAX axisymmetric ring
elements. The transient solution is integrated using a Newmark-
Beta direct integration subroutine in NASTRAN [23]. Since this
is intrinsically a 3-dimensional problem and therefore numeri-
cally more difficult than the preceding plane strain problem.
A sample result from reference [23] is compared to the analytical
solution [1] in Figure 7 where the time histories of the normal-
ized relative radial deflection of the two apexes (0 = 0 and
® = a) of the inner shell are juxtaposed. This NASTRAN-DAA
solution is obtained using three layers of fluid ring elements
for the entrained fluid and an integration time step equal to
1/25 of the transit time of the incident wave front to traverse
one outer shell diameter, The agreement is obviously quite good.

DISCUSSIONS

The above comparison study has demonstrated the viability
of this analysis scheme. In particular, the good agreement of
the respense data for the inner shell indicates that the
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dynamics pressure loading is correctly transmitted through the
outer shell and the entrained fluid. Although the test problems
are for linear and elastic responses, it could be expected that
the same would also be true when this scheme is used for non-
linear elasto-plastic response analyses.

For ,practical problems, the fluid finite elements for the
entrained fluid are in general 3-dimensional and the number of
degrees-of-freedom for the finite element system increases very
rapidly with the number of such elements. In view of the pro-
spective numerical and computational difficulties to be encount-
ered, it might be more advantageous to approximately represent
the shielding effect of the outer hull without including it and
the entrained fluid in the nonlinear elasto-plastic damage
analysis of the inner hull. Based on the analytical study of
[1,2], such an approximation can be suggested for the analysis
of stiffened or unstiffened cylindrical double hulls with thin
outer hull and finite length. For exponentially decaying type
of incident plane pressure pulses

p'" = p_expl(x-cgt)/c,t] (8)

where p 1is the wave front pressure and 1 the decay constant,
o]

this approximation would modify equation (8) and the new incident
wave formula to be used for analyzing the interaction of the
modified incident wave and the inner hull is

p'"¢ = kp_exp[(x = ¢ t)/c 1] (9)

where the coefficient « depends on the duration of the incident
wave and is a function of the fluid properties and the elastic
properties and dimensions of the inner and outer hulls. It
approximately takes into account of the transmissibility and
dynamic response effects of the outer hull, the response effects
of the inner hull, the added mass, the compressibility and the
reverberating effects of the entrained fluid. This coefficient
is given by

k=1, if v << ae/ce
p ME(2 + M)

(1-62) (2+H°) + o (14€%) (MeM®) + 0,50 MM[T+g%4c (1-£°)]
ifq1 7 Zae/ce

10
N 2Mec8 1o
_c—z ~2

2 2 YA 2
Ce(l-ﬂ ) + ZQrM C" o+ Zprﬁ MCe
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if 1 > 2a /ce

where
Op = o/0®
¢, = ce/c
Moo= pea/(psh) ()
Me = oeae/(pghe)
¢? = E/og(1-v9)(c*)?]

¢Z = /o201 (v ()2

In equation (77), h and/or h® are the average or the smeared
thicknesses of the stiffened hulls, It should be noted that
equations (9) - (11) are primarily meant for the calculation of
the elasto-plastic strain of the inner hull,
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ABSTRACT

The DEPROP computer program determines the dynamic elastic-plastic
large displacement response of cylindrical and flat panels to arbitrary
blast loadings. The analysis is capable of analyzing unstiffened or
discretely stiffened panels in which the stiffeners in both coordinate
directions are allowed various eccentric positions relative to the single
layered, multilayered and sandwich panel skin configurations. The
inelastic formulation is based on the extension of the plasticity con-
stitutive relations from deformation theory to regions of elastic
unloading and reyielding. A confidence level is established for DEPROP
by comparing the analytical solutions with experimental results from
various panel blast tests and with other nonlinear computer codes,

NOMENCLATURE

a = radius of cylindrical panel
A = undeformed surface area
Ag = area of stiffener

b = width of stiffene- segment
E = modulus of elasticity
Eg = secant modulus

= gtrain hardening slope

(2]
3

shear moduli of vy and B8 stiffeners
h, h = total thickness of panel

hi = distance from inner pancl skin surfacc to the furthest

edge of the ith griffener segment

H = distance from the inner panel skin surface to the
coordinate surface

H, = weighting values for Legendre=-Gauss quadrature formula

3] Rk « weighting values for Simpson's quadrature formula
in vy and B directions

J = n/GO

J’

J, = torsional constants for tho y amd g stiffeners

126




e NAs 9% . " "
e o RO S VIR o845 et et s A58 e ot e AR <8 S8 5 8 e T 080 AT A SRR

K = xa
kY’ kB = V2 for C-C or C-S opposite boundaries for w~equations
= l//f for S~S opposite boundaries for w-equations
= 1/¥2 for u and v-equations
Y - B -
kb-—/ka, ke -/EkB
% = length of panel
L=
_ _ Ta
M, N = number of spatial integration points in the y and
B directions
NSG, NSB = number of y and g stiffeners
NSEG = total number of segments for a stiffener
P = pressure
R = a/h
T = kinetic energy
u, v, w = axial, tangential and radial displacement components
U, V, W = displacement components divided by a
X, 8, 2z = cylindrical coordinates
=22

M-1
= Kronecker delta
= components of total strain
= components of strain

n = total number of layers
0 = gubtended angle of cylindrical panel

= components of change of curvature

v = Poisson's ratio
Ei w zeros of the Legendre polynomial

' 5. b ™ composite, skin and stiffener mass densities
o,, = components of stress
¢m’ ‘n = gpatial functions for displacments
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INTRODUCTION

A digital computer program DEPROP, has been developed as a special
purpose code to calculate the linear elastic and elastic-plastic
structural response of aircraft panels to blast overpressure loads
{11, [2]. The analysis is formulated for cylindrical or flat panels
with clamped or simply supported edges. The panels can have discrete
stiffeners in two perpendicular directions. The modal method of solution
is used with numerical spatial integration techniques employed to obtain
the discretization of the structure required to incorporate the physical
nonlinear behavior.

The panel analysis is an extension of the DEPICS computerized
analysis [3] for the dynamic response of linear elastic cylindrical
shells which included geometrical nonlinearities. The DEPROP analysis
employs the Novozhilov nonlinear strain-displacement relations for large
displacement response of thin panels based on the assumption of undeform-~
able normals. The inelastic formulation is based on the Mises-Hencky
yield surface, a kinematic hardening modzl and the Hencky stress-strain
relations from the deformation theory of plasticity with modifications
for regions of elastic unloading and reyielding. Material behavior of
the skin and stiffeners is represented by a bilinear stress-strain
curve. Displacement, strain, and stress time histories are calculated
at selected positions on the panel.

The geometry of the unstiffened or stiffened, cylindrical or flat
panel is illustrated in Figure 1, The ¢ylindrical coordinates (x, 0, 2z)
and the axial, tangential, and radial displacement componeats (u, v, w)
are shown in Figure 1 on the coordinate surface of the panel. In
DEPROP the skin of the panel can be single or multi-layered for elastic
materials, while for elastic-plastic material behavior the skin is
limited to single layered and sandwich (honeycomb) construction.

" Figure 1 depicts discrete stiffeners located along various integration
grid lines in both of the dimensionless .y and 8 coordinate directions.
The stiffeners must be oriented parallel to either ov both spatial
coordinate directions of the £lat or cylindrical panel, aid stiffener
locations ave rastricted to coincide with spatial integration grid
1ines. The stiffeners in the circumferential coordinate direction
can have voriable cross sections.

: The cccentricity of the stiffeners cither above or helow the panel

skin 18 takea inte account in the analysis. Both bending and membrane
deformations causing normal strains and stresses in the stiffener's
coordinate direction are included, but lateral bending of the stiffener
is ignored. - Thus, in the annlysis the stiffener 48 assumed symmetrical
about the plane of bending. The torsional sciffnesses of the stiffeners
are included in a limited manner by assuning that the twisting is always
elastic, Therefore, the shear stress associated with torsion of the
stiffener is agsumed small compared to the normal stresses and iy n;g-' '
lected in the elaatic-plnstic formulation.




Y - Stiffener

\iv/

Figave 1. S:tt!en@d Panal Ceometry

8 - Stiffenor

Panal Skin

The analysis accommodates stiffencrs with any shape whose cross
_8ection can be represented as a series of connected rectangular seg-
~ments,  Since lateral bending of the stiffeners is iguored, stiffeners
- such as channels and z-sections are treated symeetrically as I-sections.

- Figure 2 illustrates the stiffener configurations included in DEPROP,

Configurations A and B of Figuee 2 show the stiffener attached to the

- -outer and imer surfaces, respectively, of any panel skin construction

- d.e., single-layered, multilayered and sandwich (hencyeomb). Con-

figuration C shows thie stiffener located in the interior of a sandwich .

panel and configuration D shows the stiffener attached to the inner
surface of a sandwich panel that has been crimped for contiection pur-
poses, o : ' o B

 ANALYTUCAL FORMULATION -

e The governing cquations of motion for the panel are cbtained from
- the principle of virtual work for a dynamic structural system in which.

-the waterial behavior and the force systew are nonconservative. The
displacem»at cospouents are répresegted by truncated sexics of the
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products of undetermined time-dependent coefficients and orthogonal
spatial functions which satisfy the boundary conditions in the form

M N
ui(x,e ) = Z Z u;n(tm;i(x)d)ﬁi(e) (i=1,2,3) 1)
m=1 n=1

where for notation convenience Uys Uy, Ug correspond to u, v, w, respectively.

With these functions introduced into the virtual work equations, a set
of 3MN coupled modal equations of motion are generated and are given by

u
de N
d_ 39T i - uf.r _
acael t fff"ij pul &V f Qndd = 0 (2)
mn v mn A

(m=1,2,3...M) (n=1,2,3...N)

where the integrands of the generalized forces are

L _du_ u o v 3= L
an pNu du ? amn pNv ov__ ? agn pr ow (3
mn mn mn

where
= -w
X
—(we +v)/a
= 1-(w~ ve)/a + u,

=z =z A
2 < ¢
[}

undeformed surface area
% fffp(x,e,z) 2+ v% + wd) av
A

- i
]

1

Dots denote differentiation with respect to time,

It is assumed that the blast pressure, p(x,0,t), acts on the coordinate
gsurface of the cylindrical or flat panel. As the panel surface deforms,
the elemental pressure force vector remains normal to the coordinate
surface so that it changes direction during deformation. The magnitude
of this force vector also changes as the element surface area of the
deformed panel changes. The rotary inertia zontributions to the kinetic
energy have been neglected. The volume and surface integrations con-
tained in these equations are perf wed numerically by various techniques,
except for integration of the kinecic energy which is performed ana-
lytically. This set of simultaneous sacond-order differential equations
are solved numerically in time by use of the central difference method.
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Strain-Displacement Relations

The strain-displacement relations used in this analysis are based
on the assumptions: (1) strains are small compared with unity, (2) the
thickness of the shell is small compared with the radius and (3) the
Kirchhoff~Love hypothesis that straight fibers which are normal to the
undeformed coordinate surface remain straight and normal to the deformed
coordinate surface and are not elongated, thus neglecting transverse
shear and normal strains. The basic formulation of the following set of
nonlinear strain-displacement relations is attributed to Novozhilov [4].
The total stgain consists of membrane and bending components expressed
by the form € = ¢ 4+ 2k, The membrane elongation and shear strains

(sxx’ €ho° exo) on the coordinate surface ure:expressed in terms of the
displacement couponents and their spatial derivatives:
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1.2 2 2
ux+2 [wx+ux+vx]

e =

XX
U DS O 2 2, .2

€6 = a Vo a}\w+282[(we+)\v) +(ve-Aw) +ue] 4
= 1 1 1 1

€40 vx+au6+awx (we -*-)\v)+avx(ve-)\w)+8‘ueux

Similarly, the change of curvature quantities (Kxx, K xe) of the

e ©
coordinate surface which characterize the bending and torsional deforma-
tions of the panel are given by

K = V. {1+ ve/a - \w/a + ux)

XX
1 A A A
K = Zw.t—sv,+t—(wtv)+_-u
06 aZ 00 aZ 6 aZ &} a x
+L(w + Av, ) (v -Aw)+-l‘-—w u
a3 8o 6 0 82 00 x (5)
b A w2 4 A 2 A
b 3 (ve w) o+ 3 (we-w) + 3 we(w6 + v)
a a a
L . 2 A 2_ -
Ko a wx6+ 2 Vx + 82 wa (ve + au, Aw)
2\
+ uz wx(we + v)

Only those nonlinear terms which primarily involve the radial displacement
and its dexivatives are included in Equation 5. The subscripts on the
displacement components in Equations 4 and 5 denote partial spatial
derivatives. The parameter A is iutroduced in the strain-displacement
relations so that they apply to both curved and flat panels. Thus,

A = 1 for curved panels. For flat pancls, A = 0, a = 1, 0 is replaced

by y, and 00 is replaced by b, the width of the flat panel.

Constitutive Relations

In DEPROP, the behavior of the panel material is treated as elastic-
plastic for isotropic single~layered and sandwich panels and elastic
for isotropic and orthotropic multilayered panels. The elastic-plastic
analysis for the single-layered panel has been established as the basic
formulation in the DEPROP program. The elastic multilayered analysis
is estublished as an alternate option based on appropriate modifications
of the elastic-plastic formulation. In the DEPROP analysis the solution
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involves total strains and stresses; therefore, for response in the
inelastic region, it was convenient to use the deformation theory of
plasticity instead of flow theory which involves incremental strains

and stresses. Prlastic deformation theory is based on an averaging
process that permits a total strain solution dependent upon only the
final stress state at the end of a loading path. In general, deformation
theory is an approximation of the more rigorous flow (incremental)
theory, except for proportional loading. However, since the dynamic
response solution is solved incrementally in time by numerical methods
in DEPROP, the strain increments are small over each time step for

which the equations of motion are solved. Thus, the plastic deformation
theory provides a much more accurate solution when the averaging process
takes place separately over each small time increment as the response
solution is obtained by a step-by-step timewilse procedure.

It is assumed that the material's uniaxial stress-strain curve
is modeled by the bilinear representation shown in Figure 3 in which
the strain hardening is defined by slope E . This stress-strain
representation is interpreted for_the biaxial state of stress through
the use of the effective stress (o)-effective strain (e) concept in
which the secant modulus (ES) indicated in Figure 3 is defined by

i o, +E, (¢ - e,) ©

€

=
fl
milai

where g,y &, are the yield stress and strain, respectively, from the

material's unlaxial bilinear representation., Thus, the effective
stress, effective strain and secant modulus quantities are used to
relate the biaxial stress-strain condition to the assumed uniaxial
bilinear stress-strain representation for the isotropic material.

A kinematic hardening model is employed in conjunction with the Mises-
Hencky yield surface which accounts for the Bauschinger effect when
reyielding occurs due to the strain reversals during unloading. The
kinematic hardening models discussed in [5] assume that during plastic
deformation the yield surface translates as a rigid body in stress space
with the size, shape and orientation of the elliptical yield surface
being invariant. The kinematic hardening model to be used in this
analysis is illustrated in Figure 4 for the Mises-Hencky yield surface
in the plane of the principal stresses o, and ¢,., Corresponding to
the initial yielding position (i) and thé unloa&ing position (f)
indicated in Figure 3, the rigid translation of the yield surface for
a shift of the stress state from position (i) to position (£f) is shown
in Figure 4. The change in total stress components from position (1)
to position (f) are defined by “13 and, similarly, the corresponding

change in the total strain components are defined by 313' so that
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g r_ gr~l + cr-l - Gr-l
ij ij ii(f) ij(1)
(7)
r r-1 , vr-1 vr-1
. = -+ -
1 gij f13(5) T f13(1)
where
r = the number of elastic unloadings from yielded conditions
(r=1,2...) '
Yo o v
aij = %ij 0

(1) indicates initiation of yielding or reyielding
(f) indicates final position prior to unloading

The Mises-Hencky yield criterion for the translated yield surface is
based on the effective stress given as
1/2
- Nr o2 e _nr v (2 _vro (2
0= [logymayp)™ = (0177017) (9957ap5) + (95=055)" + 3(0y5=015)"] ()

Furthermore, it is advantageous in this analysis to relocate the origin
on the € axis after each unloading su¢h that the extended elastic
unloading curve passes through the zero position. This is accomplished
by defining the effective strain as follows:

- 1 | 2 o r 2 N r \2
g€ ={—5= |(Q=-v_+7) ((e - )7+ (e,,-6,,) )
{(l_vg)z [ s 8 11 11 22 "22

2.N T | N r
m (Lobvghogd (6116110 (65 22)] )

2)1/2
3 N T
+ — (e, ,~8.,)
(1+Vs)2 12 "12 }

L S
where Vg * Es/E(2 V)

Thus, the elastic-plastic behavior of the material for subsequent
yleldings_after an unloading has occurred is always based on the same
o versus € curve which originates at position (0,0). This approach
requires that the stress—strain relations be modified by the aij and

aij quantities for unloading and reyilelding conditions to account for

the past stress-strain history. The general form of the inverted Hencky
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stress—-strain relations for the elastic, elastic-plastic, elastic unloading
and plastic reyielding regions are identical, so that the general stress-
strain relations is given by

E
_ __S—_-(- ’\l_r '\l_r
Uij = aij + 7 |1 vs)(eij gij) + vs(ekk %kk)sijJ (10)

1-v
s

>

(1,3,k = 1,2)

where for the following-;égions of response, ' '

: _ nvr _ our _
a) initial elastic loading ES~E, aij = Bij =0
b) initial plastic loading E=E, oj, %ij 0
¢) qth elastic unloading ES E, aij aij’ %ij Kij

B T Y :
d) qth reyielding ES Es’ aij aij’ 13 Bij E

Thus, there are four basic reglons of response for which the stress-

strain relations have been established ¥ Equation 10, For an elastic-

perfectly plastic material, Et = 0 and o,, are set equal to zero in

. ij
- | Equatlons 8 and 10. It should be noted that for a strain hardening
g material, a stress path which may move along the yield surface (neutral

loading) would not be properly represented in the analysis, since, upon
unloading, the yield surface would be rigidly translated.

| The constitutive relations for the stiffener's material are based

L. on those used for the skin, except they reduce to the uniaxial case,

A The stiffeners may be of material different from each other and different
3 from that of the panel skin to which they are attached. For elastic-
plastic solutions the stiffeners are segmented by a sufficient number

of layers so as to represent the stress distribution across the cross-
section.

For elastic, isotropic or orthotropic multilayered panels, the
stress-strain relation formulation follows the approach presented in
(6], In orthotropic layers, the geometric cylindrical coordinate axes
and principal orthotropic direction are assumed parallel, For the elastic
solution, additional membrane, bending and cross coupling stiffness
coefficients are computed at all integration points at which stiffeners
are located. In computing these stiffness coefficients, the segmented
stiffener is treated as a multilayered configuration with variable widths,
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Displacement Component Functions

In Equation 1 the displacement components are expressed in series
form as a product of time-dependent coefficients and independent spatial
functions ¢m(x) and ¢n(6). These spatial functions are selected so as

to satisfy the geometric boundary conditions of the panels. The boundaries
of the panel are assumed to be elther clamped or simply supported and

held from inplane movement. The spatial functions for the u and v dis-
placements are assumed to be the same whether the edges are clamped or
simply supported and are given by

sin (m + 1)y, ¢;(B) sin (n)B

o2 (y)
" (11)

sin (n + 1)8

¢ () = sin (w)y, ¢ (8)

The boundary combinations for the y and B directions are based on
opposite edges being both clamped, both simply supported or one clamped
and one simply supported. The w~displacement functions for the y and B
directions are based on the natural vibratory mode shapes of a uniform
beam and are given as follows for the three boundary combinations:

For clamped/clamped or clamped/simply supported
Ay A Y AY Ay
¢w = cosh —2= - cos —— - g (sinh-JE- - sin —-
m W b m T T
(12)

v AnB AnB XnB AnB
¢ = cosh — - cos — = o _ |sinh —— - sin —-
n m m n w S

where

Am or kn are the roots of cos Ai cosh Ai = 1 for the clamped/clamped

boundary condition

Am or An are the roots of tan Ai = tanh Ai for the clamped/simply

supported boundary condition

cosh Ai - CcO8 Ai

%y % Simh A, - sin A (i=norm)
i i
a For simply supported/simply supported
- Vo
> b sin (m)y
3 1 (13)
o oY = ain (n)B
n
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Governing Equations of Motion

The spatial integrations in Equation 2 are to be accomplished
numerically thus providing a mechanism for discretization through the
spatial points selected to compute the representative elastic-plastic
behavior throughout the panel. For integration through the thickness
of the panel in the z direction, it is convenient to separate the inte~
grand into parts which either are or are not explicitly dependent on
the z variable, that is involving membrane strains and bending strains.
The total strain quantities eij for an arbitrary position in the panel

consist of the membrane and bending components given by

gij = eij + zxij ‘ (14)

Therefore, the integrand can be given by £ 4 sz where

m _ aexx ?866 + aexe
xxX oW 09 awn x6 oW
oo oK . ¥y . ¥, g (15)
xx oW Y00 W x6 oW
- mn mn mn

and the total stress components are obtained from Equations 10 and 7

in which 1,j=1 denotes x and 1i,j=2 denotes 0. The Legendre-Gauss
quadrature formula_[7] was chosen for the numerical integration in the
z direction where L is the number of points selected through the thick-
ness of the panel. In the y and B directions it is convenient to have
even spacing and it is advantageous to have spatial points on the clamped
edges and at the center of the panel. Simpson's quadrature formula (7]
satisfias these desirahle features and therefore was selected over
various Gaussian quadrature formulas. The number of spatial points
selected in the y and 8 directions are given by M and N, respectively,
where ¥ and N must be odd numbers. The integrand quantities for the
stiffener are given by

o€ 2 9K
e a x 1 XX

o} a
aW xx oW
XX Mo a mn

(for y-stiffeners)

(16)

o€ 2 oK
60 + -3-0 59 (for B-stiffenars)

B
f O,, ==
80 awmn a 60 awmn

whare Ei is the distance from the coordinate surface to the center of

the ith stiffener segment and is expressed as ‘i = + (h +hi_l)-ﬁ
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where the plus sign is used for "outer" stiffeners and the minus sign
for "inner" stiffeners. The trapezoidal rule is used for the numerical
integration through the depth of a stiffener in the equation of motion.

In the spatial surface integration of the kinetic energy the addition
of the line integrals in the y and B directions to include the mass of
the stiffeners leads to inertial coupling of the modes. The Mpq coef-

ficients associated with the w-equations of motion of the inertial
coupling matrix [M] are determined from

NSG

— kb(smr N idiw w
Mpq = kYkdeerns + 25—5; psAs¢n(Bk)¢s(Bk) a7)
i=1
8 NSB
kbsns iiw '
e ) oghstn (75)er(rs)
i=1

where
pq extends over all the modal combinations selected for the solution.
r,8 are particular values of m and n, respectively

In general matrix form the w-equations of motion are given by

22 [M) {"rs} = -{frs} (18)

For the solution of these equations in DEPROP, Equation 18 is placed
in the form

{i&rs} -~ %5 [M]‘l{frs} (19)

It should be noted from Equation 19 that the inertial coupling matrix
has been inverted. In order to accomplish this operation, a matrix
inversion subroutine is used in the DEPROP program. Although the
above derivation is only demonstrated for the normal motion of

the stiffened panel, similar inertial coupling matrices have been
established in the program for the inplane motions of the panel (u
and v~-equations of motion).

For the elastic-plastic solution of a stiffened single-layered panel
the equations of motion are given by

2 n m
5 et S Gy Z Z ) Z Hi[fi R

Jel k=1 i=l
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1, b 6L | (§-1)
TR (Yj’Bk)l+ b [H a0 }E: by (ny-hy_y) £10rpu8y)

NSEG
&R 3
i By (h,h,_)) £5 101308
=1
L3R | 3¢8-1 3(H-1) = 9K o

(2]}
(N
+
(2]
o
=~

+

n,
Y - (v,58,)p = 0 (20)
23 [0F vy T e sl Mxedw Qu (rysBy

where

¢ = 2l -aw-+av +ly) M
IR T

g, - ~2L2Rp (JW, + + AV) 2
8 3V
mn

a - - U
u P Yy oU
mn

Although Equation 20 is given in terms of wmn, the equations of motion

for the tangential and axial displacement directions are obtained by
omitting the torsion term and using the appropriate k , kB and
expressions. A

For elastic solutions the equations of motion are simpler since
the stiffness coefficients of the stiffeners are integrated directly
with the stiffness coefficients of the panel skin (see [1] and [2]).

For sandwich panels, it is assumed that the core of the sandwich or
honeycomb always remains undamaged and the normal stresses are carried
just by the face sheets. It is further assumed that the stress across
each face sheet is coustant. In the equations of motion given by
Equation 20, the single layered expression in the first brackets
(associated with the first summation over i) is replaced for the sand-
wich panel by

2 183
2L

£ b
by 2

im)

=h, _

£ty 18y +ieh L0ry08) (21
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2y = o0y -8B
_ 1 5
z3 = 2(h3 + hz) H

In stiffened honeycomb panels the honeycomb core is often crimped
where the panel skin intersects the various stiffeners for attachment
purposes (see configuration U of figure 2). It is assumed that the core
is fully removed over the stiffener, so that the beuding resistance of
the panel along the stiffener line is negligible compared with that of
the uncrimped honeycomb panel. Thus, only membrane stresses in both
cooxrdinate directions are assumed to be transmitted through the honeycomb
face sheets at positions along the stiffener lines for this type of
construction.

The second-order differential equations given by Equation 20 and
corresponding equations for an and Umn are to be sclved numerically

in time., The integration method used to obtain an approximate timewise
step~-by=-step solution is based on the central difference formula given by

X, =k W0f+2x -x (22)

where

X represents the normalized uvndetermined time-dependent displacement

coefficients, wmn’ an and dmn.

In solving the aet of simultaneous second-order differential
equations, spatial integrations must be performed in the ¥ and 8 direc-
tions and in the z direction for the elastic-plastic solution during
the stepwise time integration. The required integrations are performed
numerically during each time step using the values of the displacement

coefficients wmn' Vm“ and Uum for the particular time step to compute

the displacements and their derivatives, the strain quantities and the
stress quantities used in Equation 20.

Special numerical schemes [l) are used to treat the overshoot
during the time increment in which yielding occurs, to establish the
criteria for determining elastic unloading and to obtain a consistent -
determination of ¢, Es’ Vg and Oij during each time step.

DEPROP Comparisons with Experiments and Other Analyses

Comparisons are made between experiment results from various tests
performed on unstiffened and stiffened panels subjected to blast loading
and those predicted by the DEPROP analysis. In Figure 5 the permanent
center displacements of 18 in. by 18 in. clamped unstiffencd aluminum
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plates of 0.063 in. and 0.071 in. thicknesses, which were blast tested
at Eglin Air Force Base [8], are compared with corresponding DEPROP

predictions.

It should be noted that these plates were close to the

point of rupture along the clamped edges.

3.0

CENTER DISPLACEMENT (in)
L
=
‘

0.063 in. thick

ALUMINUM CLAMPED PLATE (18 in. x 18 in.)
e DEPROP SOLUTION
= omr = ERPERINENTAL PERMANENT SET

A _ Iy J

T 1.0 ’ 1.9
TIHE (maee)

Figuve 3. Center Displicemvul Rewpodne of the Eglin Yost Plates
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Comparisons of DEPROP predictions with strain and displacement
measurements made on an unstiffened 15 in. by 15 in. aluminum plate of
.05 in. thickness, which was tested in the shock tube at the Naval
Surface Weapons Center (NSWC) [9], are presented in Figures 6, 7, and 8.
The response of this plate was in the elastic region and the assumed uniform
pressure loading was generated from measured pressure time history data
taken near the edge of the plate. .

S
- CLAMPED SQUARE PLATE
.k / i %15 x .05 -
* '
!
/ P (reflected) = 8.5 psi

— e e EXPERIMENT (shot 39)

'3L
i
[ ol
g.l
3
v
g 1
o /’
-l _ : L . 4 S—— L O _ . - — o
) . RO R o 3.0
: " TINE (msec) - '

FIGURE 6. .C&Nﬁﬁ DISPLACENENT OF A .08 1o CLANPED SQUARE PLATE At N3\

Well-defined response tests were perforoed on stifiened cylindrical
" panels with clamped edges in [10). To assuve reliable structural geo-
petry and clamped-edge boundary comditions, the test specimens were
wmachined from solid blocks of 6061-16 aluminum., The test spocimen is .
fominally a 60-degree o,iindrical panel, 9.1 dach thick, 6.0 inches
long aad 6.0 inclios in radius. ‘The imtegral imner stiffener in the
circumferential dircction is located in the center of the pancl and is
pominally 0.1 inch thick and 0.4 fucl deep. An fmpulsive loading was
obtained by placing a high explosive (HE) sheet with a fcam bufier ovver
a proscribed area of the panel. The wagnitude; I, of the impulsive .
loading applied to the panel is 0.162067 psi-sec.
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This clamped cylindrical stiffened panel subjected to an impulsive
loading was modeled using the DEPROP program to predict the analytical
response for comparison with the experimental results. Figure 9 illustrates
the geometry of the analytical model for the stiffened panel. The cir-
cumferential stiffener located midway along the length of the panel is
rectangular in cross section and has 1/8 inch filets where it inter-
sects the panel skin. The shaded arez indicates the p-rtion of the panel
that was impulsively loaded by the HE sheet. As shown in Figure 9
the stiffener is divided evenly into five segments for the elastic-~plastic
solution. The width of the first segment is increased to account for
the area of the filets.

Clamped Edges

Clamped
Edgos
Notes:
All length Jimenatens in {neches

© {ndicates position and direction
of strain meagurements

Shaded area indicates HE loading

< r g I

G.3L85

l C. 1592
i

i

E i !
. [

‘ . 23588

Q.392

0.0‘)3*" l"-

Stiffener Segmentat lon

Pigure 9. MIT Cylindeleal Stiffenod Panel Mode )
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Comparisons between analytical and experimental results for the
MIT stiffened cylindrical panel are made for the four measured inner
surface strain time histories and two permanent-set displacement
measurements. Figures 10 and 11 show the comparisons for the four
measured sttrain positions where the solid lines are analytically
determined from DEPRCGP and the dashed lines are experimentally measured.
At position 1 the experimental strain trace terminated just after
reaching the peak and at position 3 the strain trace briefly went out
of recording range during the peak portion of the response, This
: stiffened panel underwent large plastic deformations throughout the
! panel skin and the stiffener. Figure 12 illustrates the analytically
determined displacement time histories at two positions on the panel.
¢ The measured permanent set values at these positions are compared to
the level of oscillation near the end of the analytical time histories.
The projected analytical permanent sets are slightly lower than the
measured values., This might be expected since the stiffener exhibited
plastic lateral buckling over a small region near the ends of the
stiffener which can not be represented in the analytical model.

T T S S T e i 2o P i s e
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figure 11.  Strain Time Histories for the MIT Cylindrical Stiffened Panel at Positions 3 and &

The STRESNO test program [11] tested a variety of unstiffened
and stiffened panels in the Sandia Thunderpipe shock tube., From the
stiffened panels tested, specimen number 10 was selected for the com-
parison with the stiffened panel analysis. Specimen 10 is a flat 36-
by 36-inch skin panel stiffened by three z-shaped inner stiffeners
spaced 9 inches apart. The ends of the stiffeners are pinned to the
supportc frame. The skin panel boundaries parallel to the stiffeners
are hinged while the skin panel boundaries perpendicular to the stiffeners
are unattached except for being riveted to the stiffeners at their
three locations, Figure 13 illustrates the geometry of the stiffencd
panel and the locations of the strain and pressure measurements. The
diwensions of the cross section of the stiffeners are also given on
Figure 13. The material of tho 0.0625-inch panel skin is 2024-13
aluminum while the material of the stiffeners is 2024-T351) aluminum,

Analytical and experimental comparison werc made for shot 4 on
specimen number 10 in which the response remained elastic. The spatial
distribution of the pressure measured at Pl0-1 is assumed uniform over
the panel. Strain responses at the center of the stiffener are compared at
the lower surface of the lower flange (S10-6) and at the upper skin
surface in the B~direction (810-2a). Figures 14 and 15 show these
comparisons for shot 4 where the solid trace is the analytical results
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and the dashed trace is the measured results. The largest strains
occurred on the lower flange of the stiffener and this strain comparison
is shown in Figure 14. Figure 15 shows the comparison of the edge
strains at the upper skin surface of the local panel between stiffeners.

Comparisons are also made between DEPROP response results and the
nonlinear solutions generated from the finite difference code PETIROS-3
[12] and the firite element code ADINA [13]. Figures 16 and 17 show the
comparisons for square unstiffened and stiffened flat plates, respectively,
subjected to a triangular pressure pulse which produce significant

elastic-plastic behavior in the panels.

0.7

o6 \
! /"\\ x = 3,005 {n
_ \/ o = 29.83°
0.5 }
'E 0.4 |
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% —_—— —
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Q xwl1l.2in
0 = 29,83
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v L ——— DEPROP Analyeis
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0 I I i A
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Pigure 12. Displacement Time Histories for the MIT Cylindrical Stiffened Panel
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CONCLUSIONS

DEPROP has the capability predicting dynamic response for various
unstiffened and stiffened cylindrical or flat panels undergoing defor-
mations which are both geometrically and physically nonlinear. DEPROP
was developed specifically to study the vulnerability of aircraft-type
panels to overpressure effects from nuclear blast loadings. With its
limitations on the initial geometry of the panel, DEPROP was not intended
to be a general purpose structural computer code, For elastic solutions
DEPROP can handle orthotropic multilayered skin panels, while for
inelastic solutions the skin panels are restricted to isotropic single
layered and sandwich configurations. For both elastic and inelastic
solutions, discrete stiffeners of various cross-sections can be analyzed
in both coordinate directions at various eccentricities relative to the
panel skin. Comparisons with available experimental results from blast
tests on panels and comparisons with other nonlinear structural computer
codes has built up confidence in the ability of DEPROP to predict the
elastic-plastic response of unstiffened and stiffened panels with
well-defined clamped or simply supported boundary conditions.
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ABSTRACT

This paper describes the development of a graphite/epoxy fighter wing-box capable
of sustaining limit load and cyclic loading following worst-case damage from a 23-mm
HEI (superquick fused) projectile impact. This work was done under the Battle Damage
Tolerant Wing Structural Development Program (N00019-75-C-0178) sponsored by the
Naval Air Systems Command. The objective was to develop and demonstrate the
technology needed to design battle damage tolerant aircraft structure using advaiced
fiber composites. It was felt that the high strength-to-weight ratio of advanced
composites combined with their flexibility in design applications could result in structure
which was lighter than metal configurations while providing superior battle damage
tolerance. Program results have confirmed this belief, including a successful 23~-mm HEI
ballistic testing of full-scale structure under load.

1.0 INTRODUCTION

Military aircraft must be capable of performing successfully in hostile environ-
ments created by small-arms automatic weapons, anti-aircraft artillery, and surface-to-
air and air-to-air missiles, Consequently, designing for resistance and toierance to
combat damage is an important consideration facing structural designers. In this
context, damage "resistance" is a measure of the amount of damage inflicted by a threat
exposure, and damage "tolerance" is a measure of the ability of the structure to endure
the inflicted damage, '

Although the vulnerability analyst has always been concerned with the effects of
ballistic weapons on aircraft, this is unfamiliar ground for the structural designer., The
potential effects of this unfamiliarity became especially evident in the early 1970's as a
result of increasing consideration of using graphite/epoxy in the primary structure of
combat airplanes. Graphite/epoxy laminates configured in a quasi-isotropic 0,+45,90
layup are very damage sensitive, comparable in damage sensitivity to 7075-T6 aluminum,
To obtain useful levels of battle damage tolerance in these materials, the required design
technology must be formulated and integrated within the structural design process. The
Battle Damage Tolerant Wing Structural Development Program, sponsored by the Naval
Air Systems Command (Ref. 1), was initiated in 1974 to develop and demonstrate the
technology needed to design fiber composite structure having good survivability to
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ballistic weapon threats, particuiarly high-explosive anti-aircraft artillery rounds such as
the 23-mm HEI projectile.

The technology developed under this program resulted from the combined efforts
of weapons effects experts, vulnerability specialists, structural analysts, and structural
designers. The goal was to develop and demonstrate a graphite/epoxy wing-box capable
of meeting a worst-case battle damage tolerance criteria, while at the same time
obtaining a weight savings relative to a baseline metallic wing-box patterned after the
F-14 titanium configuration.

The final wing-box design meets all these requirements. A significant advance-
ment in composite design technology was a new skin/spar concept that can sustain limit
loads in the presence of massive structural damage. This concept makes effective use of
hybrid laminates combining graphite/epoxy with fiberglass. As final verification a full-
scale test component was built and tested by firing a 23-mm HEI projectile directiy into
a spar while the box was loaded to 4-g's in combined bending and torsion. After damage,
limit load in bending and torsion was successfully applied, followed by ten cycles of two-
thirds limit load tc verify full flight capability,

2.0 PROGRAM DEFINITION

The first major program decision was the selection of the F-14 wing as the baseline
configuration. Design attention was directed at the mid-span section shown in Figure 1.
The external geometry, applied load conditions, and general design criteria of the F-14
wing were retained throughout the development,

Specific design requirements and criteria, summarized in Figure 2, were mutually
agreed upon by Boeing and Navy personnel early in the program. The General Design
Criteria incorporate the design requirements of the F-14, The Structural Weight
Criteria requires that the battle damage tolerant fiber composite wing-box weigh 25-
percent less than the titanium F-14 baseline wing-box.

The Battle Damage Tolerance Criteria require the wing-box to survive a worst-
case hit by a 23-mm HEI projectile while undergoing a 4-g maneuver and be capable of
limit load after the hit. Cruise home and landing capability after damage is also
required. The limit load conditions consisted of 7.5-g maximum positive bending and
3.0-g maximum negative bending. The worst-case hit was defined as a direct hit into a
spar. In effect, these criteria mean virtual invulnerability of the structure to the 23-mm
HEI projectile. This is a very stringent design objective, especially in eonjunction with
the weight savings objective,

Design development of the battle damage tolerant wing-box was started in 1972
under Contract N00019-72-C-0433 as indicated in Figure 3, This initial work (Ref, 1)
defined the impact of the battle damage tolerance design criteria on weight and cost for
many types of structural configurations, including metal designs. In addition, a prelimi-
nary wing design concept using graphite/epoxy was developed that met all requirements.
A second contractual effort in 1973, N00019-73-C-05C] (Ref. 2), verified the flutter
performance of the damaged wing-box. The work reported herein was done under the
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third contract of the series (Ref. 3), and includes final development, fabrication, and
demonstration by ballistic testing of a full-scale graphite/epoxy wing-box component.

The design problems associated with developing wing structure that meets the
battle damage tolerance requirements include overcoming the effects of:
o Extensive fragment and blast damage to skin and substructure;
0 Dynamic internal load redistribution resulting from severed elements;
0 Pronounced notch-sensitivity of graphite/epoxy.

Figure 4 illustrates the high damage sensitivity of graphite/epoxy laminates. The
figure compares the residual tensile strengths of ballistic damaged graphite/epoxy and
7075-T6 aluminum alloy, one of the more damage sensitive aircraft structural materials.
The graphite/epoxy shown is even more damage sensitive than the 7075-Té6, losing
50-percent of its tensile strength when containing ballistic damage one inch in diameter.

Innovative design approaches were developed to circumvent this damage sensitiv-
ity, by taking advantage of the considerable design flexibility afforded by graphite/

epoxy.
3.0 PRELIMINARY WING-BOX DESIGN

Based on an assessment of the design problems relative to the capabilities of
composites, the preliminary wing-box concept shown in Figure 5 was developed. This
was a four spar graphite/epoxy configuration with stiffeners between spars. A feature
for battle damage tolerance was the use of a skin laminate that contains no 0-degree
graphite/epoxy. Because of the resulting low spanwise stiffness, the skins carry virtually
none of the spanwise bending loads. These loads are carried in the spar caps by high
stiffness chords of 0-degree graphite/epoxy.

The effectiveness of this approach in improving battle damage tolerance stems
from the fact that 0-degree graphite/epoxy in the skin laminate causes the high notch
sensitivity mentioned above. Taking the O-degree graphite/epoxy out of the skins and
putting it in the chords results in a more ductile and forgiving skin. The fracture
toughness of the +45 graphite/epoxy skin laminate was further enhanced by adding 00
S-glass, forming an interply hybrid laminate.

The four spars provide multiple paths for the wing loads and are sized so that limit
load can be sustained with any three surviving spars. During the concept design study
(Ref. 1), an assessment was made of the efficiency of two, three, and four spar
configurations in meeting the battie damage tolerance criteria. As Figure 6 shows, four
spars provided the smallest weight penalty for this configuration and threat.

4,0 DESIGN DEVELOPMENT

With the design concem described above as a starting point, the development

_activity was organized into the three phases shown in Figure 7. Material selection,

design analysls, and ballistic damage assessment were accomplished in Phase 1. Phase |l
included detatl design, subcomponent verification testing, and further ballistic damage
assessnent. In Phase 11, a full-scale wing-box incorporating all final desigh features was
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Figure 4. Graphite/Epoxy Laminates Can Be Highly Damage Sensitive
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Figure & Preliminary Battie Damage Tolersnt Wing Box Design
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BATTLE DAMAGE TOLERANT WING STRUCTURAL DEVELOPMENT
PHASE | (Contract N0O0018-76-C-0178)

PRELIMINARY Naval Air Systerns Command
DESIGN AND

ANALYSIS

® Preliminary configuration
® Material screening
@ Coupon tests
® Panel tests
® Hybrids
® Fiber orientation
© Ballistic damage under load
o Hydrodynamic ram
¢ Fragment damage
® 23-mm HE damage
® Box tests 23-mm HE

PHASE

DESIGN VERIFICATION

® Built-up panels

o Joints PHASE (1

® Spar beam WING BOX

¢ 23-mm HE damage VERIFICATION
® Fabrication drawings

tor final wingbox @ Wing box fabrication
test @ 23-mm HE impact under ioad
@ Demonstration of structural
parformance with damage

ADDITIONAL BATTLE DAMAGE TECHNOLOGY DEVELOPMENT
{Under add-ons to NOD019-75.C.0178)

RESPONSE OF
(P00CO3) COMPOSITES TO BLAST
® BRI-FC code development
@ Verification tasting
r-------------“ THICK SKIN
K 5K
{PC0010) % DAMAGE RESPONSE
= = ® Coupon tests
® Panel tests
® Fracture
® Penetrator demege
& Ballistic retponm under load
® Thickness effects
@ Box tests 23.mm HE
1976 [ o [ wn [ o ™ e

Figure 7. Battle Damage Tolerant Wing Program Summary
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fabricated and successfully tested under load against the 23-mm HEI projectile. Figures
8 through 12 illustrate key activities and tests performed during the phases and add-ons.

In addition to configuration development, two further technology developments
were made under contract extensions. Under Contract Modification PQ0003, a finite
element analysis program (BR-I1FC) was developed that predicts the response of fiber
composite structure to blast pressures. Under Contract Modification P00010, ballistic
damage response models were developed for thick 0,+45,90 graphite/epoxy laminates.

The design of the wing-box was developed using the battle damage tolerance design
approach shown in Figure 13. The final structural design, shown in Figures 14 through
17, includes all the general configuration details employed in the preliminary concept:
graphite/epoxy construction, four spars with integral chords of 0-degree graphite/epoxy,
stiffeners between spars, and bolted attachments.

The containment of large ballistic damages in graphite/epoxy tension surfaces was
achieved by developing a damage tolerant skin combining +45 graphxte/epoxy with
0-degree glass/epoxy thus formmg an interply hybrid laminate, Figure 18, gives an
indication of the improvement in fracture toughness obtained by combining +45 T300/934
graphite/epoxy with O-degree S-GL/1002 glass/epoxy.

Ballistic testing using 23-mm HEI projectiles showed that the optimum method of
using the hybrid laminate was constructing the skins in a "waffle" configuration, placing
the hybrid laminate only at the spar, rib and stiffener interfaces. The laminate within
the waffle cell is +45 graphite/epoxy.

The high fracture toughness of the hybrid pads prevents crack propagation across
the skin. The pads also resist and control damage imposed by the severe internal blast
pressures generated by the threat. With this concept, skin failure under blast or
hydrodynamic ram pressures occurs by local bending within the cell as shown in Figure
19. The thinner skin segment between pads "blows out)" confining the damage to the
single cell, and prevents splitting and detachinent at the fasteners.

The large cross-section, O-degrec graphite/epoxy spar chords, integral to the spar
web, are an important program design development. This design provides a highly
desirable "soft" load path between the spars and the skin for redistributing spar chord
loads following severance of a spar due to ballistic impact. Test and analysis demon-
strated that bolting the spars to the skin through a +45 graphite/epoxy shear flange
induces bearing fallures along the flange, thus redistributing the severed spar loads away
from the damaged reglon and reducing the tensile stresses contributing to propagation of
damage across the skin.

The final wing-bex design meets the target weight saving of 25-percent relative to
the titanium baseline wing. Flgure 20 shows weight summaries prepared at several
stages of design development, The March 1976 wing-box configuration met all design
requirements, and was substantially lighter than criteria.  This margin was used to
increase the O-degrec graphite/epoxy in the compression spar chords, to improve
resistance to delamination caused by direct fragment impacts.
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TENSILE COUPONS ® Providsd material property information including uitimate
strength, strain-to-failure, and stress/strain curves

f o Verified quality and consistency.of material and processing

SAWCUT FRACTURE PANELS o Established relative fracture performance of various 145 deg
’ ’ graphite/epoxy systems including effects of hybridization with
K ’ ’ O-deg S-glass epoxy and comparisons with other fiber orientations
‘ ; P f
P e tHid
i BALLISTIC IMPACT PANELS ® Established relative ballistic response of various +45-deg graphite/
epoxy systems including obliquity effects, damage characteriza-
tion, and uitrasonic scan
3 s &
: _
LOADED BALLISTIC IMPACT o Determinad strength degradation due to load at impact for can-
PANELS § A didate fibar/resin layups including panel residual strength with
4 \ batlistic damage and effect of load on damage extent
. J ,
SPAR/SKIN INTEGRATION FRACTURE | e Provided compariton of Sracture performanos of various spat/skin
PANELS ’ ’ Y] integration concapts with one spar chord severed
n
héd ‘ ‘ | o
Figure 8 Battle-DamsgesTolerant Wing Structural Development— Phase | Tests
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SPAR/SKIN INTEGRATION BALLISTIC

® Provided comparison of various spar/skin iegration concepts

PANELS when impacted at s spar chord while under load
L 4
L~

BOLT BEARING. % ® Established bearing strength for various candidate skin/flange
B laminates
-
-]
o]
-
I‘.

23-mm REPLICA BOX PANELS ® Provided 23-mm HEI entry and exit damage informatian for

various candidate skin laminates in replica wing cell

@ Included the effects of internal blast

® Provided comparison with aluminum

HYDRODYNAMIC RAM PANELS

ri
|-

& Determinad structural response of various skin materials to
intense fluid pressures (similsr to blast pressures)

® Provided information on 23-mm HE damage type end
extent tor the candidate wing configuration

Figure S Battle-Damage-Tolerant Wing Structural Deveélopmens— Phase | Tests
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® Developed a spar cap design that can be fabricated easily and
readily

SPAR CAP
MANUFACTURING
DEVELOPMENT
® Verified the fabrication approach and structural integrity of the
! i] spar beam design

SPAR BEAM
STRENGTH TEST
@ Established the bending moment at failire for the hybrid pads
for attachment design to resist internal biast
i J SKIN BENDING
TEST
® Established the tension load at skin detachment for attachment
design to resist internal blast
SKIN DETACHMENT
TEST
o Varified the spar/skin attachmant for tengion ioads trom blast
. plasures
SPAR/SKIN
INTERFACE
TENSION TESTY
@ Vierified the rib/ikin attachment for tension loads from blast
preuures - : .
RIB/SKIN
INTERFACE
TENSION TESY

Figure 10, Battle-Damape-Tolerant Wing Structural Deulopnmu—-m N Tests
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= i SPAR/SKIN ATTACHMENT ® Varified the spar/skin sttachment for shear strength

"S- - STRENGTH VERIFICATION

B

5

. . ‘ HYDRODYNAMIC RAM PANEL o Determinad structural response of graphite/glass hybrids to tiuid
3 - TEST pressures and veritied hybrid pad concept

i

Jm
i
LLA

|

& 5 SHEAR FRACTURE PANEL o Verified skins for shear
o TESTS
® Establishad shear fracture failure stress

o ed e 0

L]
-
.
»
2
.
.
[

: SEVERED SPAR LOAD o Demonstrated load redistribution from savered spar through
: REDISTRIBUTION ' bolted spar/tkin attachments ‘
TESTS o Established intluence langth for boits transmitting severed tpar
S "_T;@- |
i TWOSPAR | vuritied “watile” skin design with hbrid pads 10 predetermine -

- THREE BAY e “watlle” skin d
N / , TesTeox  darpage trom 23mm HE
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Figure 11. Battie-Damage-Tolerant Winy Structural Development- Phase 11 Tests
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FULL-SCALE WING
BOX VERIFICATION
TEST

® Demonstrated battle-damage- tolerant wing response to
23 mm HE impact under load and structural performance
with damage

® Verified battie damage tolerance deslgn criteria

Figure 12. Battle-Damage-Tolerant Wing Structural Test—Phase Il Test

Develop damage resistant/tolerant load paths

U

o Develop damage-size model

¢ Dafine load path geometry

¢ Develop finite-element model

* Model damage

¢ Find internal loads (with damage)
* Resize for damege capability

Develop damage containmant

U

¢ Improve fracture toughness of skin

o Predetermins damage modes

¢ Provide crack arrestment

o Reduce dynamic effects

© Design details for damage resistance and tolerance

Figure 13. Battle Damage Tolerant Design Approach
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GRAPHITE/EPOXY CONSTRUCTION
PROVIDES WEIGHT SAVINGS AND
DESIGN FLEXIBILITY

BOLTED SPAR/SKIN INTER-

FACE PROVIDES SOFT PATH
LOW MODULUS SKINS CARRY FOR LOAD REDISTRIBUTION

WING TORSION AND FUEL < FROM SEVERED SPAR
PRESSURE LOADS ONLY

Sieo SPAR CHORDS CARRY WING
<e.+..{ BENDING LOADS

MULTIPLE SPARS REDUCE
SENSITIVITY TO SPAR WEB
DAMAGE '

SPAR SPACING PREVENTS
MULTIPLE SPAR LOSS FROM
SINGLE 23 mm HE IMPACT

\\M‘\[/ HYBRID SKIN PADS PROVIDE

A DAMAGE CONTAINMENT
{(“WAFFLE" SKIN)

Figure 14, Battle-Damage-Tolerant Wing Final Design~Design Summary
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GRAPHITE/S-GLASS/EPOXY
HYBRID SKIN PADS ALONG
SUBSTRUCTURE PROVIDE
DAMAGE CONTAINMENT
® PREDETERMINE SKIN BEND-
ING FROM BLAST PRESSURES
® STOP LATERAL PROPAGA.
TION OF DAMAGE CRACKS
LOW-MODULUS GRAPHITE/
EPOXY SKINS CARRY WING
TORSION AND FUEL TANK
PRESSURE LAODS

$46-deg GRAPHITE/
EPOXY BETWEEN

HYBRID PADS 145-deg GRAPHITE/EPOXY

> O-deg S-GLASS/EPOXY HYBRID PADS
; AT SPARS AND STIFFENERS

t46-deg GRAPHITE/EPOXY
0/90-deg S-GLASS/EPOXY
HYBRID PADS AT RIBS

1456-deg S-GLASS/EPOXY STIFF-
ENERS RIB-TO-RIB BETWEEN
SPARS

Figure 15, Battle-Damage-Tolerant Wing Final Design—Skins




WING BENDING LOADS ARE MULTIPLE SPARS REDUCE

CARRIED IN CHORDS OF SENSITIVITY TO SPAR WEB
O-deg GRAPHITE/EPOXY IN DAMAGE
THE SPAR CAPS

O-deg GRAPHITE/
EPOXY SPAR
CHORDS

45 GRAPHITE/
EPOXY SPAR
WEBS AND
FLANGES /.

SPAR SPAGING (DETERMINED
FROM 23-mm HE DAMAGE
MODEL) PREVENTS MULTIPLE
SPAR DAMAGE FROM SINGLE
23-mm HE IMPACT

Figure 16. Battle-Damage-Tolerant Wing Final Design—Spars and Ribs
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3/16 TENSION-HEAD COUNTER-
SUNK BOLTS AT SPAR/SKIN
AND RIB/SKIN INTERFACE
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BOLTED SPAR/SKIN DESIGN
PROVIDES SOFT PATH FOR
LOAD REDISTRIBUTION
FOLLOWING SPAR CAP

SEVERANCE
Battle-Damage-Tolerant Wing Final Design—Attachments

BLOCKS AT RIB/STIFFENER
Figure 17.

ALUMINUM REINFORCING
INTERFACE




GRAPHITE/GLASS HYBRID LAMINATE
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%45 Graphite/epoxy fabric
O-deg S-Glass tape
0.020} | ¢ £45 graphite/epoxy
'3_4‘14 @ 145 graphite with 17%
£ 0-deg S-glass
- - 4345 graphite with 23%
‘g * 0-deg S-glass
& & 0.015}- ﬂ’ ® 145 graphite with 35%
& % O-deg S-glass
(2]
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Figure 18. Dameqe Contalnment Improvement From Adding
O-deg S-Glass to +45 Graphite/Epoxy
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Battle damage tolerant wing

Tivanium .
baseline {graphite/epoxy four-spar box)
(two-spar box) | October 1974 March 1976 June 1877
Maximum strain for sizing —_— 0.0060 0.0053 0.0047
Skins
Upper skin and pads 44,0 234 21.8 218
Upper stiffeners 129 A4 16 1.6
Lower skin and pads 370 20.8 226 22.6
Lower stitfeners 9.6 3.5 1.6 1.6
Spers
Upper chord 9.9 1.2 7.9 16.25
Lower chard 15.0 6.9 138 16.26
Webs 14,1 214 275 275
Waeb stiffenars 3.1 - - -
Radius blocks - - 3.1 3.1
Ribs
Webs 6.5 3.8 1.9 111
Radius blocks - - 18 1.8
Skin sttachment fittings - - 53 5.3
Miscellaneous fasteners, bonds, ete. 260 15.0 46 46
Totals 178.0 105.4 122.7 133.6
Percent 100% 58% 69% 75%
TARGET
WEIGHT

Figure 20. Battle Damage Tolerant Wing Weight Summary
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5.0 DESIGN VERIFICATION

The contractual effort was directed at developing a wing structural configuration
that is virtually invulnerable to a 23-mm HEI impact, with a 25-percent weight savings
over the titanium baseline. The program culminated in the fabrication and testing of a
full-scale three-spar wing-box component incorporating the battle damage tolerant
design features developed during the program. The box was fabricated using methods
developed during subcomponent verification, then tested according to the criteria
defined at the beginning of the program.

As indicated in Figure 21, the test box was loaded in combined bending and torsion
to the 4-g condiuon, and a 23-mm HEI round was fired into the center spar cap at the
tension surface, The component survived the impact with no indication of structural
failure. After the impact, the bending and torsion loads were increased to the 7.5-g
limit load. The damaged box successfully sustained these loads. Ten cycles of two-
thirds limit load were then applied, demonstrating the 2-hour cruise capability after
damage. The component was then loaded to failure, which occurred in a compression
spar cap at 8.6-g's.

These tests demonstrated that the structural design meets all residual strength and
stiffness requirements after damage from a worst-case 23-mm HEI hit, The battle
damage tolerant design features that were verified include:

o The structural integrity and damage tolerance capability of +45 graphite/epoxy
skins combined with highly loaded spar chords of 0-degree graphite/epoxy.

o The cffectiveness of the multi-spar configuration and bolted attachment design in -
surviving dynamic load redistribution after 23-mm HEI ballistic impact,

0 The effectiveness of the "blow-out" skin panel design in controlling damage caused
by the internal blast pressures amd fragments of the 23-mm HEI projectile,

o  The effectiveness of the graphite/glass hybrid pad crack arresting design for
containing large ballistic damage in tension surfaces, including the case in which a
spar chord is severed,

In addition to battle damage tolerance, the weight criteria for the wing-box was
easily met,

Figure 22 shows full scale wing-box test component in final stages of fabrication,
In Figure 23, it has been mounted in the load fixture at Boeing's Tulalip Test Range. The
hydraulic actuators used to apply bending and torsion loads are visible in the photograph,
as is the target marker for impacting the spar beam with the 23-mm HEL projectile
under the 4-g load condition. Figure 24 is a photograph of the damage to the tension
skin following impact by the 23-mm HEL The severed spar cap and rib web required for
the worst-case damage criterion are clearly visible. The undaniaged spars successfully
picked up the extra loads from the severed spar cap.
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Figure 22,

Full-Scale Wing-Box Component Assembly
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Figure 23, Full-Scale Wing-Box

183

14

o b5

Component Ready for 23-mm HE! I

. s~

npact




A
Box Component

5w

*
£
4
y
R

Scale Wing-

?
7/8

Fi

4

n —

in Tension Sk
181

%

7
v

Figure 248. 23-mm HE| Entry Damage

e e




The photograph of the tension skin in Figure 24 was taken following successful
application of limit loads to the damaged wing-box. A crack can be seen in the upper
right of the damage which propagated to the nearest hybrid pad and was successfully
arrested by the pad. This verified the crack arresting capability of the pads, and the
analysis methods developed for predicting the fracture characteristics of fiber composite
materials,

The damage to the compression skin is shown in Figure 25, The raised segment of
skin resulting from "blow-out" between the hybrid pads is quite evident. This occurred
under blast pressures, thus venting the pressures and preventing attachment failure and
extension of damage beyond the impacted ceil. This response verified the "waffle" skin
configuration using graphite/glass hybrid laminates.

Evidence of the final failure is also visible in Figure 25, which occurred at the
compression spar cap at 8.6-g's. The skin buckled along the lower spar and above the
central spar, with some skin detachment. The tension skin never failed.

CONCLUSIONS

The successful results of this development demonstrate the versatility of fiber
composite materials, This versatility provided the design alternatives needed to
configure structure that is both lighter and more battle damage tolerant than current
metallic configurations. Combat aircraft incorporating this capability can have a
significantly higher probability of mission completion and safe return. In addition, the
high level of battle damage tolerance provides the option {or repair deterral which can
-be a great advantage in short war scenarios.

ACKNOWLEDGMENT

The authors acknowledge the support of the Naval Alr Systeins Command for the
work reported herein, conducted under Contract N0J019-735-C<0178, with special .
“expressions of appreciation to D. R. Mulville, A. Somoroif, and A. Cowles, '

REFERENCES

1. McKinney, M. E., Porter, T. R., and Sedlacek, C. 1., "Battle Damage Tolerant Wing
© Study," Final Report, NASC Contract NOODI9-72-C-0433, Boeing Document
DI80-15150-1, 1972. ,

2. Beaupain, H. E., Herlin, W., Krupnick, M. N., "Battie Damage Tolerant Wing Study
- -Flutter Analysis and Materials/Processes Specifications,” Final Report, NASC
Contract N00019-73-C-0501, Boeing Document 12180~ 18205-1, 1976,

3.  Avery, J. G, Bradley, S. ., King, K. M., "Battlc Damage Tolerant Wing Structural
Development Program,” Final Report, NASC Contract N00019-75-C-0178, Boeing
Document D180-26069-1, 1979.




e NSNS I 1A i, pidn 2 Fam <

g s S s i3

2,

' Lom

Aad Bt +

a RAtG PN et o R GRS
Tt 3 Y bt e e oo o~ st

H
&
3
1
3
.\
'§
X1
4

| \,

BLOWOUT OF
SKIN AY
HYBRIG PA

3
A Y
Rl NS
3

g

IR £ INAL FAILURE -
Sl SKIN BUCKLING AND
¢ HEVARHMENT

!
|

R\ ¢
! S

\

N

Figure 25. 23-mm HE! Exit Damage iz Compression Skin (Photographixi
After Final Box Failurel :

ING




THE RESPONSE OF ADVANCED COMPOSITE STRUCTURES TO HIGH EXPLOSIVE BLAST

ALAN L. DOBYNS
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JOHN G. AVERY
' Engineering Manager
Boeing Military Airplane Company
Seattle, Washington 98124

ABSTRACT

This paper describes the modification of an existing finite-element
blast response program (the BR-1) to allow it to use laminated composite
rectangular and triangular plate elements and a test program in which
thirteen graphite/epoxy panels and six aluminum panels were subjected to
blast loadings. Good correlation was obtained between the test results
and analytical predictions.

INTRODUCTION

The effects of high explosive blast damage on composite aircraft
structures consist of fragment damage and blast pressure damage. In
fragment damage numerous holes are produced in the structure, each of
which acts as a stress concentration. Blast pressure damage is produced
by the reflected and confined gas overpressures and is a transient
dynamic process in which the pressure is applied for a relatively short
time, imparting a high veiocity to the affected sections. Deflections of
over an inch can be produced in typical aircraft panels, producing high
stresses and strains in the process. In order to evaluate the effect of
fragment damage on stren?th, it is necessary to determine if the fragment
damage will extend and link up under this stress. Thus, a transien
structural analysis capability is needed to attempt an analysis of blast
damage in composites.

There are several eleastic-plastic dynamic computer codes available,
as shown in Table 1. BR<1A, ANSYS, MARC, and STAGS-C are dynamic
response analysis codes using isotropic elastic-plastic stress-strain
Taws. ANSYS and STAGS-C have elastic laminated orthotropic capability.
However, the BR-1FC is the only pro?ram with laminated orthotropic
elastic-plastic capability. In addition, the BR-1A and BR-1FC use the
blast routines developed by NOL (1) to compute the blast pressure and
fragnent dispersion on each element as a function of time for several
popuiar high-explosive shells, while MARC, ANSYS and STAGS-C require hand
input of pressures and times to simulate a blast. , :
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Table I. Finite Element Programs for Blast Response Analysis
(All Programs Have Large Displacement Transient Analysis Capability)

Capabilities
Computes
Laminated blast pressure
Programs Isotropic Orthotroplc orthotropic Elastic plastic for each
time increment
BR1-FC X X X X X
X X
MARC
X X
X X
ANSYS
X Elastic only
BR-1A X X X
STAGS-C X X
{Finite difference) X Elastic only

The BR-1 (Blast Response) computer code (2) developed by J. Brass,
M.J. Jacobson and J.R. Yamane of the Northrop Corporation predicts the
response-to-failure of metallic aircraft structural panels and
compartments exposed to the blast fragments of internally detonating high
explosive projectiles. - _

The BR-~1 code uses the equations of dynamic equilibrium, developed
orginally by Salus, IP and Valderlinden (3) and extended by Witmer and Wu
(4) to determine the transient response of a finite-element model subject

- to time varying loads. The equations of dynamic equilibrium of the form:

w00 me) W

‘3 " _ Where F} consists of a vector of internal loads and body forces, (P}
3 and [H q*} are the nodal forces resulting from member internal
stresses, n] is the structure mass matrix and (9*} is the vector of
nodal displacements,

Equation 1 is integrated numerically using a finite difference

-method, as described in Reference 2, to find the incremental and total
displacements at each time step. The incremental and total strains and
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stresses are then determined using the element strain-displacement
relations and the material constitutive equations. The zP} and_[H) q*h
forces are then used to determine the vector of nodal forces {C} and the

acceleration (Hf) . The incremental deflection vector for time increment
i+l is then:

{27} tisq ={Aq.} Y vt }‘i (2)

This process is repeated for each time step until a failure occurs or
the specified number of steps are completed.

MODIFICATION OF BR-1 PROGRAM

A similar capability was needed for fiber composite structure because
of the increased usage of orthotropic materials such as graphite/epoxy
for combat aircraft. Consequently, work was initiated to extend the
structural analysis portion of the of the BR-1 code to include fiber
composite analysis capability., The BR-1A version of the code, which
contains triangular plate elements, rectangular plate elements, and beam
elements, was selected for the modification,

The modified code has heen designated BR-1FC (Fiber Composite). The
modification is an additional capability, i,.e., full BR-1A capability is
retained. The modification to enable the BR-1A code to analyze laminated
composites consisted of replacing the isotropic elastic-plastic
stress-strain relations with nonlinear orthotropic laminated plate
equations of the type developed by Sandhu (5). In the Sandhu method,
stresses and strains are computed in each layer of the laminate at a
given load level and used to determine the moduli in the layer coordinate
system. The moduli are then used to calculate the laminate stiffnesses
for use in determining the incremental stresses and strains due to the
. next load increment. '

A spline fit method was used to interpolate between input points in
the stress-strain curves to determine the stresses and moduli. A layer
is defined as having failed in a given direction (fiber direction,
transverse to fiber direction or shear) when the strain in that direction
is greater than the maximum value input for its stress-strain curves.

The BR-1FC program requires tension and compression stress-strain curves
to define the stress-strain behavior of a laminate.

The BR-1FC code was compared with the STAGS-C finite difference
transient analysis code using a fixed ended beam model idealized with
plate elements and subjected to loadings by a step function pressure
load. Several thicknesses and loadings were modeled with good
correlation obtained between the two codes, as given in Reference 6.
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BLAST TESTS

A test program consisting of blast testing of several panels was
conducted to provide a check on the predictions of the BR-1FC. Each 13"
X 13" test panel was mounted in a fixture with edge attachments
simulating aircraft wing type joints, as shown in Figure 1. A small
spherical charge of C-4 explosive (equivalent to the Russian 23MM HE) was
detonated at varying distances from the panels. Blast pressure versus
time plots were produced at two points on each panel. Panel deflection
versus time plots were produced for the panel center and two other points
on the panel.

The test setup consisted of a charge suspended in the center of a
spherical blast chamber, with the panel positioned at the required
standoff distance and supported by an aluminum angle frame mounted on
four steel support beams. A second frame on the opposite side of the
charge supported the pressure gage assembly.

Panel displacement was measured by photographing a silhouette along
the rear surface of the panel with a Barr and Stroud hgh~-rate framing
camera. The maximum frame rate obtainable with this camera is one frame

per microsecond (1.000frames/sece qlthough it was slowed down to between
7 and 14 frames/microsecond for this test program.

13Ih X 13in
TEST PANEL CHAMBER

RIGID PIN
SUPPORT AT
4 CORNERS
ONLY

,ai—r_ﬁ-_; ' TnX1inX.188In
M
EDGE ‘
ATTACHMENT \ GAGES
DETAIL ~ EXPLOSION
e - e SUPPORT
PANEL | LAMINATE | THICKNESS | BEAMS
BRLY | 245 143 : _
BR12 | Of£460 M9  CHARGE OtrLECTOR |
" BRYL3 O/ £ 46/90 45 ' PLATES (2)
aR1-4 on0 008 -
BALE 7076-78 A00
BR1S 7076-78 083
8A1.7 D/ + 45/90 082 , _
BR1S %m o : : CAMERA
BRYY 7075-76 080 : :
Flgure 1. Pansl Blsst Testing Figure 2 Bisst Test Arrangement
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This was done to get the maximum time span recorded on the 28 frames
in the camera. A flash tube was used to provide a back light to
silhouette the panel. A diagram of the test setup is shown in Figure 2,
showing the 3-foot diameter spherical blast chamber, test panel, pressure
gages and camera. Figure 3 is a photograph of the test setup with the
camera on the ieft and the blast chamber on the right. The camera is
directed through the viewport in the center of the sphere. Figure 4 is a
photograph of the interior of the blast chamber showing the panel, gages,
charge, and support fixtures.

The reflected-pressure gages were carbon elements bonded to the face
of a 2-inch thick Plexiglass plate. The Plexiglass was then fastened to
an aluminum frame similar to the panel support. The Plexiglass provides
the mass to reflect the air shock, and the two-inch thickness delays the
rear surface reflection for approximately 37 microseconds. Although the
finite thickness of the carbon elements cause some internal reflections
and resulting fluctuations in the signal, the overall peak and decay of
the pressure pulse are considered to be valid.

The detonator was fired by discharging a .5 ufd capacitor charged to
2 KV, This mode of firing provides a firing delay of less than 5
microseconds, allowing accurate timing of the event relative to the
camera and gage recording., The charge consisted of a measured quantity
of Composition C~4 molded around a U.S. Flare NND-211 detonator. The
charge assembly was taped to a net of lock stitch tied to the support
pea?§ prodeing a stable location at the center of the chamber, as shown
in Figure 4.

The panels were 13-inch square and were fastened to the 1"X 1" X
13/16" angles of the frame using 10-32 bolts on l-inch centers. This
provided an open exposed surface 1ll-inches square and a 12-inch support
span. A reference wire was also attached to the aluminum frame to
provide a fixed line and scale for displacement measurements,

The actual firing sequence was controlled by the camera. When the
camera reached the preset speed a timing pulse was generated that started
delays for the detonator, flash unit, and the scope sweeps. The timing
of these events was recorded on a raster scope along with a marker
pulse. A camera pulse every half revolution of the mirror was recorded
on the raster scope to provide an accurate measurement of camera speed.
On the later shots the camera tachometer was also recorded since the
regular timing pulse had failed to appear on some of the shots. The
tachometer speed measurement was less accurate than the normal timing
pulse but did provide a usable speed measurement.

Figure 5 is an enlargement of the film taken by the Barr and Stroud

camera for shot 16. In the picture the panel is seen in silhouette at
the bottom of the frame with a reference wire shown above. The reference
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Figure 4. Interior View of Blast Chamber
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wire has three vertical posts attached to it with the center post
indicating the center of the panel. The time after detonation (in
microseconds) is given for each frame. The figure shows a BR1-4
composite panel in which particles of epoxy are seen leaving the panel.
The point at which the first fragments are seen is near the peak
deflection reached by the panel, indicating that considerable damage has
occured, which can also be seen in the post shot photos. Post shot
photographs of several panels are shown in Figure 6.

COMPARISON OF TEST RESULTS WITH BR-1 ANALYSIS

A 1ist of the panel designs used in the blast test program is given
in Table Il. Three panels of each design were constructed, T300/934
graphite/epoxy was used for the laminates, with 7075-T6 bare aluminum
sheet used for the aluminum panels. Aluminum angles were bolted to the
panels to simulate the edge conditions normally found in aircraft wing
structures. -

The finite-element model used in the BR-1 runs is shown in Figure 7.
The edge beams were modeled as tees in the program since angles are not
available in the BR-1.

Table IT shows the blast distance and charge weight for each test as
well as the time interval which was captured on film and the maximum
deflection recorded. The inital shots were filmed at a frame speed of
about 7 microseconds/frame, starting at 100 microsecond after detonation,
so that the peak deflection occurred after the last frame had been
exposed. The camera was then slowed down to the 12-14 microsecond/frame
region and the first frame was delayed to about 300-400 microsecond after
detonation in order to capture the maximum deflection within the 28
frames in the camera.,

Figures 8 and 9 give a comparison of the predicted center deflection
vs time for the aluminum and laminated composite panels with the results
of several test shots., The aluminum panel tests given in Fiqure 8 show

-good correlation with the predicted deflections, The predicted peak

deflection is consistantly slightly lower than the test peak deflection
and occurs before the test peak deflection, A model with more node

- points would probably have produced better correlation, both due to the
~ better modeling of the structure and due to the better modeling of the

blast loads, which are applied as nodal loads.

Predicted failures are indicated on the plots by X's with a letter
showing the type of failure predicted. “M® indicates the first matrix
failure which occurred in the panel, which is usually due to a transverse
tension failure. “F" indicates a fiber failure in which the fibers have -
failed in some layer. Each time step during which at least one fiber
failure for the composite panels, has occurred is indicated with and “F“
while only the first matrix failure is shown since every time step after
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Figure 6. Photographs of Rear Surface of Blast Test Panels After Testing
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Table Il. Blast Test Summary

Blast Time Max
Panel Laminate T::‘k(’:':‘:‘? distance C:mge Shot ‘;;;9"';' dne‘:'::;::g
no.
in {(mm) 9m) (;T:) in (mim)
BR1-1-1 | (+45) 43 (363
2 | 1+45) 143 (3.63)
3| (+45) 143 (363)
BR1-2:1 | (0/+45/80) |.119 (302), -
-2 (0/+45/0) | .19 (302)| 6 (152 13g 10 412-800 82 (2083) A
3| torasm0) |19 (mo2)| 6 (152)| 13 ? 105-435 .62 (16.74)
BR1-3-1 | (o/+45/0/00) | 145 (363)] 6 52| 139 | 3 | 100200 23 (5.84)
-2 | (0/+45/0/90) | 145 (363)] & (152) | 13X 17 410-740 80 (20.32) A
-3 | (0/+45/0/90) | 145 (3.63)
BR1-4-1 | (0/90) 008 (249 6 (52| 13 | 16 330720 | 1.20 (30.48) A|
2 | (o/90) 008 (2.49) ‘
3 | {0/96; 098 (249)] 6 (1521 | 139 4 106-295 46 (11.68) ¢
BR1.5-1 | 707576  |.100 (2.54) _
21 701576  }.100 (2.54) '
alr00576 |00 (2640] 6 (62| 139 2 100-225 2 (5.08)
BR1GA | 707576  |.083 (v60)| 6 (1621 | 13 8 108.400 68 (16.76)
2{rm576 083 6o & (62| 13 9 320690 | 1.00 (27.68) A
A | 700618 | .083 (1.60)
BR17- '(o,fm/go; 082 (15N]| 8 (s | 13 5 | 93270 68 (17.27) 8
2 | (oph4500) [ 082 (16N J10 (254 ] 135 | 13 |LAMP FAILURE |
3| (0ghesM0) | 082 (1671 | 6 - S| 135 | 18 310630 197 (50.04) B
BR181 (olus,m) orr nee] e tsn | g 6 |1eews 0123118
2 | toraszmo) {077 (om0 (zse | 13 | 1 |LAmPeAlURE
3 | (orsasyp00) | 077 (rom| 6 (1521 | 13 10 |%60720 118 (20.97) A
sret | 10776 |os0 poa| e nsa| g | v m‘ns | 187504
2| 7075Y6  J.oso (on)1o (2sa | 139 | 2 205540 68 (22.36)
A 07576 1o (oafio (54 | 2 15 210570 | 130 (33.02)
A Pumed pesk deflection |
B Panel fractured
€ Penelcrackad
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the initial failure would usually have several matrix failures. Station
failures are indicated with an “S", while node failures are indicated by
an "N". A station failure is indicated whenever at least three stations
;n each element connecting to a node have failed, indicating massive
amage.

For the composite panels, the predicted maximum deflections were
generally close to those seen in the tests although the time at which the
peak occurred was usually underestimated by 100-200 microseconds. Panel
BR1-2 has a lower test peak than predicted while panel BR-4 has a higher
test peak than predicted. Test shot 3 for panel BR1-3 shows poor
correlation while test shot 17 shows good correlation. A possible
explanation is that the explosive failed to detonate properly ir shot 3.
Another possible explanation is the camera, which tends to run
erratically when forced to run at the low speeds used in this program.
The deflection-time plots might have shown better correlation if a more
refined model had been used, although the correlation obtained seems
acceptable.

Table IIl gives a comparison between the damage observed in the blast

tests and the damage predicted by the BR-1FC program. It can be seen
that good correlation was obtained in that a prediction of fiber

Table I11. Correlation of Blast Panel Condition with Prediction

Panel Test Result BR-1FC Prediction
BR1-2- No visible damage Small number of matrix fallures predicted
BR1:3 No visible damage No fallures predicted
BR1-4.1,2 Cracks, soma fibers broken Many matrix fallures, smali number of
fiber tallure
8R1-741,3 Blown out of frame Many station fallures, node aillure
B8R1-81,3 Many fibers broken Many fiber fallures, 2 station failures

Matrix tallure = Transverse or shear failure In o layer
Fiber fallure > Fiber fracture In a layer

Station fallure = Inabliity of taminate to carry load at
one of the nine stations in the plate

Node fallure = At least 3 statfon taltures In ol
slements connecting to a node
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fractures correlated with broken fibers in the test, while a prediction
of station failures correlated with a severly damaged panel and the
prediction of a node failure correlated with a panel blown out of the
frame. Also, the prediction of no failure corresponds to test panels in
which Tittle’ damage could be seen.

BALLISTIC TESTING

A section of the Battle Damage Tolerant Wing three-spar test box was
modeled using the BR-1FC code. This box was loaded to 53% limit bending
Toad and shot with a quick fused 23mm high explosive projectile during
the Damage Tolerant Wing program. The box design consisted of +45
fabric skin with spar caps consisting of bundles of 0 graphite tape
encapsulated in +45 fabric. Glass fabric stiffeners were used between
spars to support the skin and feed the blast pressure loads into the
ribs. Figure 10 shows the BR1-FC model of the box, which consisted of 72
nodes, 60 plates and 36 beams. Only the exit skin was modeled, since the
entrance skin was expected to be almost entirely removed due to fragment
effects, based on our exparience with this projectile. Figure 11 is a
plot of the Z deflections vs time for the three nodes on the exit skin
with the highest predicted deflections, with matrix, fiber, station and
node failures noted on the node closest to the given failure. Figure 11
shows that the deflection at the three nodes reached a peak and then
started to decline without any catastrophic failure. Experience with the
panel tests previously done led us to conclude that the test box would
survive intact, although with several areas of delamination and fiber
fracture. The test box was not instrumented to determine the panel
deflections during the shot so the predicted deflections could not be
checked, Several fragment penetrations were observed on the exit skin,
but the skin was still capable of carrying loads, as predicted by the

analysis, The box test is discussed further in another paper at this
conference.
(f] . BOX UPPER SURFACE
€[ el
~ i “Sh 40
R e i
9 (g»'. 411;3 22 16 (~RIBNO. 2
R I
SPAR NO. 3 —¢-p a6 N 323 2Bt 4@’ ‘Qﬂl % -
B 4 y 20 1
RI8 NO, 1 = <11|' ,wgg”’is% v
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Figure 10. DT Wing Box Model
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Figure 11, Damage Tolerant Wing Box Model—Predicted Nodal Deflection Versus
Time Plot

CONCLUSTONS

The BR-1FC produced good correlation with test data for the panel
tests consisting of an explosive with no fragments. It was also
satisfactery in predictin? the results of a box test with a 23-mm HEI
explosive in that it predicted that the box would survive the explosion,
which was borne out of by the test.

Due to the combined effects of blast pressure and fragment
penetrations, a fracture mechanics approach would probably be required in
the general case. The stresses predicted by the finite-element analysis
would be used to determine if crack extension and panel removal would
occur,

The BR-1FC finite-element computer program could be improved by the
inclusion of plate elements which include the effects of normal shear
stiffeness, which can be important in laminated composites.

An instrumented test of a wing box with stiffeners should be done to
obtain correlation with common aircraft structural elements.

Reference 6 provides a user's manual for the BR-1FC computer program
and gives further details on the panel blast test program.
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ABSTRACT

The stability of a flat rectangular composite plate with either clamped
or simply supported boundary conditions and subjected to tangential and lat-
eral loads which vary exponentially with one space coordinate is considered.
By using Liapunov's direct method, extended to continuous systems by Movchan,
three conditions sufficient to guarantee stability under extreme loading are
derived, The three stability conditions relate material properties, geometry
and loading conditions and may be used for design purposes. The paper ex-
tends to orthotropic materials the work done by Leipholz and Bhalla for iso-
tropiec materials.

INTRODUCTION

Leipholz and Bhalla (1) considered the stability of a flat plate under
combined normal and tangential loading. The loading that they considered
was motivated by the storage of grain in silos, Some of the weight of the
stored material is transferred to the walls by friction, thus subjecting the
walls to vertical compression and hence buckling. It is apparent that the
silo wall undergoes a combined load composed of normal forces exerted on the
wall by the stored material and frictional forces acting along the wall,
Both these types of loads vary exponentially with depth. When the silo is
emptied, the friction may cause vibrations which can become very large.

In this paper, the exponential loading used by Leipholz and Bhalla (1)
is postulated and could come from acrodynamic loading or other sources as
well as storage of grain in a silo., The work in Leipholz and Bhalla (1) is
extended from isotropic to orthotropic material. If the material is iso=-
tropic, the results in this paper reduce to those of Leipholz and Bhalla (1).

The stability of the plate is analyzed by the second or direct method
of Liapunov as extended to continuous systems by Movchan (2,3). A descrip-
tion of the wethod together with several examples of its application to
elastic systems is given in Knops and Wilkes (4). Liapunov's direct method
is an extension of the cnergy methods used by structural engincers. The
advantage of this method is that it is not necessary to solve the equations
of motion in order to detcrmine the stability of a system, i.c., stabilicy
may be determined dircctly from the cquations of motion.
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The results of the stability analysis take the form of three conditions
which are sufficient to guarantee stability even under the influence of
extreme loading. The conditions relate material properties, geometry and
loads and may be used for design criteria. A convenient plot may be made
which displays the stable region in terms of system parameters.

PROBLEM STATEMENT

In this paper a flat rectangular composite plate will be considered.
The coordinates of the plate are 0 < x < a, 0 £ y £ b, The boundaries of
the plate are either clamped or simply supported., The plate is subjected
to a normal load

P, = l1 - @/ &)
where P and r are positive constants.The plate is also subjected to a fric-
tional follower load acting along the wall in the negative x directiom,

P = WP = WPl - e-(a-x)/r] (2)
n

Here U 18 the coefficient of friction at the surface of the plate. The

problem is tc determine relationships among the parameters describing the

plate and its loading which will suffice to guarantee stability of the plate

under extreme loading.

LIAPUNOV STABILITY

Let Q be a vector whose components define the state of the plate,
i.e., the components of Q are the deflection and a certain number of its
derivatives with respect to space and time. Let 0 denote the Q vector whose
components are all zero. Let t be the time variable. Following Knops and
Wilkes (4), the point 0 is said to be stable with respect to the norme
DO(Q.t), pl(Q.t) if the following conditions are met:

P, is a continuous function of t (3)
P, 1s continuous with respect to pg (4)
Civen an €>0, 6(€)>0 can be found such that (5)

pO(Qo.to) < § implies pl(Q,t) <e forte ty

Movchan (2,3) has generalized to continuous systems the stability theo-
rem of Liapunov for discrete systems. The following theorom follows Knops
and Wilkes (4).

The state (0, t) is stuble with respect to the norms p, and Py 1f there
exists a Liapunov functional M with the following properties:
M20 ' (6)
Hio (7

205




o Y
P

S
i
E v
a

e E

¥
e &
:

TR T TN T N OO IO RISl S I A L S O S e G SN § 15 S B AN e

Given €>0, §(€)>0 can be found such that pl>€ implies M > §  (8)
Given £>0, §(€)>0 can be found such that Pg < § implies M < € (9)

Conditions (6) and (8) designate a functional which is called "positive
definite." To some authors this term implies only (6). The distinction is
important in the discussion of stability.

In the work that follows, pseudo-norms p.* and p.* will be used in
place of the norms Po and p,, i.e., the norms used wili not involve all the
components of Q. The use o% the pseudo~norms means that the stability state-
ments do not exclude instability with respect to the omitted compounents.

DERIVATION OF STABILITY CONDITIONS

Fundamental Equations
For notational simplicity it is convenient to define the operator L(W).

L(W) = + 2 (D12 + 2D66) wxxy +D,.W (10)

Dllwxxxx y 22 yyyy

The differential equation of motion of the plate, subjected to a normal load
given by (1) and a tangential follower compressive frictional load given by
(2) is

LW + P [ (a=x) - el - e'(a'“)/”]iwxx + pW + B

- P[1 - ¢~ (@R)/7y (1)

whpre Dij is the flexural rigidity of the plate
W 1is the lateral deflection of the plate
B is the damping coefficient of the plate
P 1is the mass per unit area of the plate

The subscripts x and y denote differentation with respect to those variables.
Dots represent differentiation with respect to time.

The deflection W may be decomposed into its static and dynamic parts,
wo and w respectively. By substituting

We "0 +w : (12)

into (11) and separating the static and dynamic parts, there results two
equations

L(Wy) + UP bamx) = w1 - =% /y] Moy, = PLL = e~(a=x)/ry (14
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and
L(w) + uP E(a-x) - rf1 - e'<a"‘)/r]} vt ow + Bw =0 (14)

It is apparent that the static deflection wo will be bounded, however,
the solution o (14) could be unstable.

The Liapunov Functional

In order to investigate the stability of the plate, the following
Liapunov functional is chosen

2.2
! 2  Bw . 2
M A [U(w) + pw" + % + Buw - uP(a-x)wx
+ upr[1 - e~ (@ X)/1) wxzi dA (13)
where
Uw) = D.ow_ 2+ 2D,.w w_ +Doow > +4D,.w 2 (16)
117 xx 12 xx yy 227yy 66 xy

The first step is to show that the Liapunov functional is positive
definite, Note that

2 2 2 2

ot + Buw +§2-63 = p(w +‘32§)2+§-£—a 0 (17)
and that  wpe[l - e”OR/T) 25 g (18)
Substituting (17) and (18) into (15) yields

mz { o - wela=ov 21 (19)

In Appendix B it is shown that if Al is the lowest eigenvalue of the equation
L(w) + f\[(a-x)wx]x = () (20)

subject to the same clamped ox simply supported boundary conditions as the
plate, then

f
L VA2 A f Genv ? aa (21)
Using (Z1) in (19) gives
M2 i (Al - upP) (u~x)w32 dA (22)
From (22) it is apparent that M will be positive definite if
wp g Al ' _ (23)
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This is the first stability condition. It relates the flexural rigidity
parametexrs D j which affect Al to the maximum load P which may be affected by

geometry.

The next step is to show that the time derivative of M is negative
definite

{

. f Y . \| .
= +
M= EZD].lwxx"’xx 2DlZ (wxxwyy + wxxwyy) (24)

. . ... gw o2
+ ?‘DZZwyywyy + 81)6 6wxywxy + 2pww + 5 + Bw

-(a=x) /Ty o ;dA

+ Bww ~ 21.1P(a-x)wx‘«rx + 2uPr[l - ¢ ]wx X

By making use of the relationships given in Appendix A and the clamped or
simply supported boundary conditions, there results

f . L] .
A[mllwxxwxx + 2D12(wxxwy v + Vi yy) (25)

. ) = f ‘,'
+ 2D22wwww + 8D66wxywxy] dA A L(w)dA

and also
}{zupf —(a=x) + r [1 - g~ @X)/1 iwx‘:’x dA (26)

- 1 bl @y -rly = " @07y

+ 2pp[-1 + g~ Ca%)/ "]wxi dA
When these two equations are substituted into (24), the result is

e L ot + ob + w0 et - @R/ @

+ %‘-"— (Bw + pid) + Bu® - 2up[L = ¢~ (0= ”]wxfo] dA |

The equation of motion of the plate (14) may be substituted into (27) in two
_places to yield

R S RS RO N R et TI T

- 2up(1 - e"(“"")/r]wx\'a | aa (28
Now, again applying the results of Appendix A |
A ( p) W L(w) dA = A (- p) U(w) dA 7(29)
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where U(w) has been defined in (16). Also

i (- ﬁ%ﬁ )E (a=x) -r1 - e-(a—x)/r]} w_dA (30)

= i ( &S—?—) E[(a-x) -r[l - e-(a-x)/r]]w 2
X

+ [-1 + ¢~ @/ r]wwxj dA

Furthermore
i (g_g_g)[_l + g~/ Fluw_dA
! (ﬁg—z) (- e~ (@ /ry 24, (31)
ﬁ é%g%[- 1+ e'(a'x)/r]wwdi
By combining terms in (31) there results
e N R Ia

= ‘{ LN G A N

2rp (32

Substituting (32) into (30) and then substituting (29) and (30) into (28)
yields

M= i E -862 - %— U(w) +-§%£ [¢Ca=x)=-r[1 - e.(a-x)/r]]wx2 (33)

- Ay /e 2 s - e'(“"‘)"']wxé faa

2rp
Now -"g' (1 - e~Ga-x)/ ”]uxz >0 (34)
and 8P ~(a=x)/r ,
2o °© 20 (35)

Hence using (21), (34) and (35) in (33) yields-
2

ie L Lapd - L - wpaen? L ow

- 2uP[1 - e'(n"x)/r]wxéi'dA
By the wean value theorem

i (a-x)uxzch\-m {wxsz | (37)
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where 0<m g a (38)
Hence I{Bw + (A -uP)mw

+ 2uP[1 - e'(a"‘)/ ”]wxs'd JdA (39)

2
- D o=(a=x) Ty s B . 2
Since Bw + 2ur [i-¢ ]wxw + 5 (Al uP)mwx

= BE‘.JZ + 2uP [l - e’(a“}()/r]wx{q + (}é‘}"')z[l - e-(a-x)/-r]ZW 2}

] X
22 |
+ -B% Ay - ) - J‘—-BP—— l-c (“'“)/‘]ziwxz (40)

will be positive definite if
wefy - "B /Mg

8 > (41)
/"m(kl -uP)
choosing
s 2 MO (42)
va(h; ~uP)

will guarantee that ﬁ is negative definite. (42) is the second stability
condition and may be used to establish a lower bound for required material

damping.
Boundodness of the Liapunov Functional

Define the norms
Do* - [aup| 6! 2»+ aup' U(w)l + guplwlz - 6up| v ‘Ziﬁ (43)
and _
Pyt = swfw] - )

In order to show that the Liapunov functional has an upper bound, tha nﬂgaeive
terms in M can be droppud.

92 :
2 By 2y .
M A t Ulw) + Dw + % + wa + UPrw R i dA . ‘65)
Using the 1ntqunl£ty

pb +B-— + B 5 3 pd? +ﬁ—‘i | (46)

in (45) vields
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E
&
T

3 .2 g32 2
M </ [u@w) +5 v +T+ uPrwx ] dA 47)
A 2
Defining ko = Max [A, ; PA, ﬁ-, WPrA] (48)
and using (43) in (47) yields
%2
Mg kop0 (49)

Hence M has an upper bound.

In order to show that the Liapunov funtional is bounded below, some
positive terms in M can be dropped.

f

M2 U(w) - uP(a-x)w } dA (50)

Since ic is shown in Leipholz (5) that for the boundary conditions of the
plate

o w daeduw 2aa (51)

A Txxyy A wxy

the first term on the righc hand side of (50) may be wriCCQn in uxpanded
form as

! o 2 2 2
A VGwda = [anx + 2Dy, ¥+ 2”66)wxy + D22wyy o (52)
If D is dofinad as
: D e Min [D),, Dy, + 20, Dy,) | (53)
" f [ 2 2 2y L. 21 ,
then M2 D[w + 20 y'+ v ] - ul(a-x)w dA (54)
It (37) is appliud to (S!o) and the posiu\m term ‘{ ul’w 2d.'t is subum.tod. the
result is
S b 2.a2 L 24 2 2 '
M3 t D["xx +-2"xy + "yy ] - ypbm W+ ”y )] da (55)
By using Poincarc's inequalitcy fron Appondix €, (55) tuy be transformed inte
! 2 ' ' e
M2 b~ uPuﬁ ][w f-”wxy wyy ] dA | ) (56)
whﬁr'e - na:[a ,'b") \ R © (57

By using Sobolev's 1nequa11ty from Appcndix C, the above 1ncqua11ty way bg
written as

‘b
Moo Rofel ol (58)
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Defining kl = Q:H%§&~ R : . , (J?)
C S - o

and using (44) in (58) yields

M2k p *2 T (60)

M will be bounded from below if k
ity conrdition

1 is positive. This gives the third stabil-

D% o
WP s =7 =12 ‘ : : -(61)
mi® ’

Condition (61) may be avoided by using the norm

instead of (46) By substituting (21) and (37) ianto (50), the result is
M2t a0, - e (63)
By Frieﬁtich s incquality (Cl) of Appendix € |
N2 2 A w A _ ' (64)
Hence M2k, P 5.2 o | - ' | (65)
B 271 _ . : -
; j u(d, -up) - L S . : :
-where k, - aé'lb B e ,(66?

“Condition (23)‘15 sufficiont to guarauteo that k3 will be positive.

. Stability Considerations
' ) A ) , »

Lot the initial disturbance of the systom in terms of the notm po bo

. L : o R o
| -po = ¢ £ar t = to B | (67)
- Then oy (49) Mg kop* - kg 2 for ¢ = Y S | (68)
Howevear, N is negative definite and thtroforu N does wot incrtase with :imu
Hence
2 for t 2 ty ’ : B o o (e9)

N g ke

 (60) together with (69) tmnlies

[ 5}
.
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= ko ¥ € kge for t 2 t, (70)
3 or sup|wi = p,* < [k, € fortz2t ' (71)
7 A T ’

- 1

This implies that if the initial deflections of the plate are small in the
sense of p.*, then the deflections of the plate will be small for all time
in the sense of pl* if the stability conditions (23), (42) and (61) are met.

. If instead, the norm 51 is used, then (65) and (69) imply

- _ 5

i; k0" < ke for t 2 £, (72)
L - k

4 S, =2 _ 0 2

X or A v dA = p;" < K, € for t 2 t, (73)

As pointed out by Leipholz and Bhalla (1), the stability criterion
based on D, is weaker than that based on p.*, (71) guarantees that deflec-
tions will be small everywhere, whereas (7%) only ensures the smallness of
deflections in the mean square sense. This means that deflections may be
large in a localized area and that buckling may occur in that small area.
Thus there is a trade-off in the omission of condition (61) and the weaken-
ing of the stability criterion.

SUMMARY,

In this paper three stability conditions are derived wrich awve suffi-
cient to guarantee the stability of a flat rectangular composite plate with
loading in the normal direction given by (1) and in the tangential direction
by (2). The stability conditions are repeated below.

. WP g Ay 3 (23)

- | g » I (42)

P < D—'z‘ =\ - (61)
: mz Do

S These relations relate material properties, geometry, and loadings and may
b be used for design criterion., The relationships are displayed in Figure l.

The curve in Figure 1 comes from (42), Points falliung in region I will be
stable in the sense of pl* while points falling in region II will be stable
in the sense of 51. )
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A, GREEN'S THEOREM

The form in which Green's Theorem usually appears is

Tt +39M- o(Rdy = Qdx) (A1)

Here C is the boundary of the surface A. Since Green's Theorem is used sev=
eral times in this paper, it is helpful to make seme substitutions into (Al)
in order to make it casier to use. By writing P = fg, Q = 0 in (Al), the
two~dimensional analog of integration by parts results

- J /

At gdA ) Ry dA + . fady (42)

By ecntlng Prw t g i fg » Q =0 in (AL), the vesult obtained is

FegansTen ae] eg- g a3

The use of ¥ = 0, Q = £,8 = gy in (AL) ylolds
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£ gdA =, fg dA - (fg=~fg)d A4
Afyy® A feyy ¢ (fy8 - fg,) dx (44)

= - = ! -
Finally, setting P %(fyg fgy), Q 4(fx8 fgx)

provides

J
A

>

s
£ gdA =" fg_dA+ £fg-fg)d A5
y 8 By 1 o(foe - fg) dy (45)

!
. V3 -
s C(fxg fgx) dx

In this paper all integrals on the boundary C will vanish due to the boundary
conditions., This fact is obvious for clamped boundary conditions while a
proof for simply supported boundary conditions may be found in Leipholz (5).

B. GENERALIZED STEKLOV'S INEQUALITY

Let Al be the lowest eigenvalue of the equation

L(w) + )\[(a-x)wx]x = 0 (B1)

where w meets either clamped or simply supported boundary conditions, Then
for any w which meets the boundary conditioms

i L)dA 2 Ay f(a-x)w dA (B2)

L(w) and U(w) have been defined previously in (10) and (16) respectively.

In order to prove this result, let ¢ be the eigenfunction corresponding
to the eigenvalue Aj. i.e.,

L(o,) + A [Gax) 6,,). = 0 (83)
By applying the results of Appendix A, there results :
J | :
¢J[(a-x)¢ix]x¢ll\ A(a %09, .95, dA (34) !
and ; ; %
ﬁ\“bJL(‘bi)dA ) [D 11 jxx * 2D, + 2”66”1:}'%33' l
BS
* Dyatyyy® mi a (85)
If (B3) 43 wmultiplied by ¢ and integratod, use of (B4) and (BS) yields %
/ . - :
[yt + 20y + g0 00 oyt 0 T o )
1
ot
215 ;
'«%‘

H\;

el
At o a8 2 B TR
B XA S AN




/
iA

Subtracting a result similar to (B6) with i and j interchanged from (B6)
gives

- A (a-x)<1>ix<l>jx dA=0 (B6)

S -
Oy = A pam) 6.6, da = 0 (87)
If ki # A., this implies the orthogonality relationship
f (a=x) ¢ dA = 0 for i # j (B8)

ix jx
Since a-x is positive in A and since the vanishing of ¢ in A would imply
¢, vanishes identically in A due to the boundary condition ¢ = 0, it may be
assumed that the eigenfunctions are normalized by

A (a=x) ¢ix dA =1 (89)

To show that the eigenvalues are positive, let i = j in (B6). Then

)
Ai < U(d)i) dA > 0 (BL0O)

Assume that the eigenvalues are arranged in ascending order

0 < Al < AZ < A3 g (B11)

To do an eigenfunction expansion, let

w= % ¢ ¢
=1 h| (B12)
Note that o
g © 351 CyP 1y (B13)

Multiplying (B13) by (a=x) ¢1x’ integrating and using (B8) and (B9) yields

f -

A (a=x) ¢ix v dA Ci (B14)
Also note that

/ 2 / w2

A w S daey @ow B oo aae ¥ (B15)

By wmaking use of Appendix A and the previous results of this Appendix, the
desired result may bae shown,

S

‘{ V(A = T w L) dh = w L{%‘."l C, ¢,) dA
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(B Gy W) aa= =F caly wlGaney, ] :
=% c aa= % ¢4
181 11A(a")¢1w 11C11 (B16)
® 2 s 2
2 )\l iélci = lA(ax) W dA i
C. INEQUALITIES :
Friedrich's Inequality
The vanishing of w on the boundary is sufficient to guarantee that :
< 2/ 2
dA g a”y w " dA (c1)
The proof may be found in Mikhlin (6).
Poincare's Inequality ’
i
Poincaré's inequality reads
[o2 20, 2, 2., 10 .2
A Y dA < & A(ux + uy YdA + A(A udA) (c2)
where 2.2 = Max(az, bz) (c3)
The proof may be found in Mikhlin (6).
Letting first u = wy and then u = wy and adding yields
[, 2 2 2 S 2 2 2
A(wx + w YdA € (w + 2wxy + wyy ) dA (C4)
2
+ ( AV dA) + ( ydA)
The last two terms vanish when w vanishes on the boundary since, by Appendix
A
i) - !
A Vydh cwdy =0 (C5)
and fudh = =L wax =0 (c6)
{ ATy A ;
t ! 2 2 2/ 2 2 2 , »
| Hence A (wx + wy YdA ¢ & A (wxx + 2wxy + "yy YdA (c7) |
i
é‘
i
]
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Sobolev's Inequality

If w vanishes on the boundary, then
I 2 2 2 2

2 f
< C° A (wxx + 2wxy + wyy ) dA (C8)

sup[ W
where C is an appropriately chosen constant.
This result may be found in Knops and Wilkes (4).
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COMPRESSION STRENGTH DEGRADATION OF ADVANCED COMPOSITE STRUCTURES

DON Y. KONISHI
Member Technical Staff
Rockwell International/North American Aircraft Division (NAAD)

ABSTRACT

The ability to predict the serviceability of advanced composite struc-
tures on an aircraft undergoing a service loading/temperature/environmental
spectrum is discussed., One of the critical factors is the degradation of
the residual compressive strength of the structure after spectrum loading.
There are two causes for this strength reduction, The primary cause is the
degradation of the matrix, resulting from the moisture/temperature environ-
ment. A secondary cause 1s the propagation of delamination-type flaws ema-
nating from flaw nuclei, causing loss of strength due to local ingtabilities.
Test results are presented for graphite/epoxy (Gr/Ep) coupons undergoing a
fully reversed loading/moisture/temperature spectrum enhanced so that maxi-
mum spectrum loading represents design limit load, Flaw growth rate was
determined by using a pulse-echo ultrasonic inspection technique at pre-
scribed intervals of the spectrum loading.

INTRODUCTION

It is now apparent that under conventional use advanced composite struc=-
tures are indeed durable. However, the question remains as to whether com-
posites tailored to meet unusual requirements are still durable. In order
to predict durability under such conditions, it is necessary to understand
the physics of failure, Once this is accomplished, such questions as the
validity of accelerated testing schemes, adequacy of flaw detectability
devices, adequacy of geometric complexity simplification, ctc, can be an-
swered with some degree of certainty, '

The Advanced Composite Serviceability Program [1] systematically ex-
plored many of these questions, The approach used is shown in Table I. The
degradation of the residual compressive strength of the structure after spec-
trum loading apparently has two primary csuses, One cause is the degrada=-
tion of the matrix, resulting from the moisture/temperature environment.
This phenomenon has been extensively studied, and it has been found that,
although no serious degradation occurs below the glass transition tempera-
ture Tg, temperature excursions above Tg cause irreversible matrix damage.
This damage is characterized by crazing and the presence of "frece" moisture
which invalidates moisture content experiments based on "Fickean" diffusion,
Another cause of strength degradation is the propagation of delamination-
type flaws cmanating from flaw nuclei gencrated during the manufacturing
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Table I Advanced Composite Serviceability Program Tasks

Phase Title Task Title Subtasks Reference
| Defect/Damage| 1 | Flaw/NDE Flaw Characterization 2 ]
Detection and Assessment Flaw Detectability 3
Degradation 2 |Analytic Methods 5
Assessment
Development
3 | Experimental Accelerated Test Techniques| 4
Data Base Tension Coupon Tests 6, 7
Development Compression Coupon Tests
Bolted Joint Coupon Tests
L | Inspection/
Acceptance
Criteria
Development
It |Structural | Fabrication Manufacturing
Element Plan NDE
Manufacturing Development Cost Tracking
2 | Normal Element (27) Production
Element Production Rate
Production Production Technique
3 | Induced Flaw Element (72) Production
Element Manufacturing Flaws
Production Service-Induced Flaws
i1 {Element I | Mechanical Bascline Property
Service- Testing Ef fecu of Defects
ability 2 | Coupon Data
Evaluation
Correlation
NOTE: The work was part of the Advanced Composftes Serviceabflity Program,
contract F33615-76-0=5344, monitored by Mr. Robert Neft of the United
States Afr Force Materials Laboratory and foiuntly sponsored with the
United States Air Porce Plight Dynamices Labovatory. Rockwell
Internatfonal, North American Afrevaft Mvistion (NAAD), is the prime
contractor, and the Science Center {x a subcontractor engaged to
study flaw detectability, 17T Rescarch Institute is a subcontractor
ongaged to perform all the coupon testing, and Washinpgton Unilversity,
St. Louts, Is a subcontractor engaged to develop analytie technlques,




process or in service. Since these flaws are random by nature, a strictly
analytic treatment is impractical. An engineering approach relating initial
flaw size, damage propagation rate, and spectrum loading to residual com-
pressive strength must be used to provide insight to the phenomenon. This
paper will focus on this study. Data are presented from tests run during

the Air Force Advanced Composite Serviceability Program. Since the strength
degradation is predominantly associated with unstable localized regions, the
analytic treatment is limited to determination of stresses in the region of a
flaw to predict flaw growth trajectory. An empirical approach to determine
the growth rate is then used to obtain the final delamination extent from
which residual strength can be obtained. The treatment is based on a simpli-
fied model [8], the physics of which is the "billowing" of a localized
delaminated area caused by loading of an initially deformed plate. This pro-
duces moment resultants due to eccentric loading, which results in delamina-
tion-propagating stresses at the boundaries of the original delaminated re-
gion, Eventually, the delaminated region becomes unstable and thus cannot
carry more loading., This causes residual strength degradationm.

PRI

COMPRESSION COUPONS

This paper discusses the compression coupon test data within the frame-
work of the determination of its durability under a service environment,
The coupon geometries are shown in Figure 1, This figure also contains a
description of the flaw types.

The selection criteria of the compression coupon stacking sequences was
to enhance the probability of delamination~type flaw growth. By contrast,
the earlier selection of tension coupon stacking sequences was guided by a
need to represent realistic design stacking sequences. Since the likeli-
hood of inducing delamination propagation is heightered as the elastic coef-
ficient A“l increases while D? decreases, the compression stacking se-
quences cﬁosen werce those in which the short transverse axial stresses o
are maximized. The selected sfacking sequences (those most delamination®
prong) are:

Stacking Sequeuce Ply Orientation
2 1€0,/+45),]

Flaw location, with respect to layer number, was determined using car-
lier studies of the effcects of defects and anticipating the location of the
highest likeclihood of defect propagation. These studies incorporated n fa-
tigue test program in which 12.7-millimeter-diameter delaminations were
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Figure 1 Compression Coupon Configuration - Flaw Size A

222

S R s s

s Yoy LWL




R i e T TR IS s

investigated. The analyses indicated that peeling moments at the edge of the
delamination became largest when the flaw was between layers where sequence
repetition (not symmetry) occurred, usually at the quarter-depth plane.
Accordingly, the flaw in the compression coupons was between the fourth and
fifth ply in flaw types I and II and as close to the fourth ply as possible
in flaw types III and IV. The geometry of flaw types I and II was designed
to represent the shape of the most common internal delaminations and the
size anticipated for a critical borderline flaw. Type III flaw geometry
resulted from extensive discussions with subcontractors, and type IV flaw
geometry represents a purposeful ply interruption situation required in
tapered sections.

The real-life environment for the 16-ply section would include not only
the degrading effects of loading and temperature but the absorption and de-
sorption of water. In order to simulate an environment for the Servicea-
bility Coupon Test Program, loading and temperature histories were defined
and applied to the coupons by initially moisturizing to a predetermined
moisture content level, Although moisture content and distribution are
random quantities, the procedure described in reference 4 was used to make
testing feasible.

The objective of the flaw screcuing program was to determine the criti-
cal flaw for laminates undergoing an R = -1 loading/temperature/humidity
spectrum. Two types of spectra were applied. The room temperature dry
(RTD) spectrum -considers only the effect of loading, while the real tempera-
ture/wet (ETW) spectrum considers the coupled effects of loading, tempera-
tures, and moisture, In the former case, the residual strenpth was taken at
room temperagure; in the latter, it was taken at the expected failure temper-
ature of 260 T,

The scatter of test data vesults was signiticant, but trends of damage
propagation are based on these data. The two wmost critical flaw types were
found to be types 1 and 4. The next estimate for the critical flaw, size
B, are shown in the following:

Flaw
Orientation PFlaw Type Size
1, 2 _ 1 5/16=-inch delamination
1, 2 4 bDrop =45=-degroe ply closest bag side,

fnstead of second one down

Bocause the test program was not comwpleted, a statistical analysis was
not conducted. Instead, a presentation based on the mean of the test data -
is given. The prescatation will, however, be related to the physics of
failure. lFor an "unflawed" coupon in tension, the failure geaerally

te
ts
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initiates at a point of fiber breakage; thus, the presence of a small hole
(radius equal to fiber spacing) does not degrade the strength. Two types of
thermal residual stresses are formed in a laminate since it sets at around
260° F. The first is formed to maintain compatibility at the fiber/matrix
interface in a lamina. This stress is accounted for in unidirectional
laminate tests. The second is to maintain compatibility between laminae in
forming a cross-plied laminate., In both cases, the 0 -degree fiber tends

to be in compression at room temperature. These thermal residual stresses
are relieved by wmatrix crazing and moisture absorption. In the presence

of a far-field temsion loading, the 90-degree plies fail in matrix crazing,
followed by the +45-degree plies., If unloading is not allowed to occur,
local load concentrations remain and through-the-thickness stress redistri-
bution occurs, If the coupon is allowed to unload, such as in a fatigue
coupon, the reduced stiffness in the region of the flaw mollifies the load
concentration, thus increasing the load capacity from that for a monotoni-
cally increasing load. The failure process for types I and II flaws is simi-
lar, except that delamination growth occurs during compression loading since
the region above the delamination is not flat [8]). For the type III flaw,
delaminations in the region of the gap occur due to unloading of the ter-
minated ply., Otherwise, unless membrane/flexural coupling is significant,
the primary strength reduction is due only to the ply loss., This effect 1is
gmall for the geometry selected. For the type IV flaw, the process is iden-
tical to that for types I and II, flaws except that delamination growth is
enhanced by changes in curvature resulting from the nonuniformity of the
taper.

Table II shows the mean of the test data. The following coentains a list
of the nomenclature.

NOMENCLATURE

= Unflawed coupon strongth at RID

Flawed coupon strongth at RTD

Ll
. o

A, U
xt,/F0

vzl
[ 3

Coupon streugth at designated temporature dry

u, u
F./F
T/ {
¥, » Coupon scrength-wich.dasiguntcd_moianre at room temperature

!u u
- BV,
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FF = Coupon strength after designed lifetimes of a spectrum loading
consistent with the strength temperature

f u, u
KF - FF/Ff

NOTE: As subscripts are added, coupled effects must be considered,

FTM = Coupon strength at designated temperature and moisture
u
FTMF = Coupon strength after designated lifetimes of a quasi-real-time

spectrum loading and at a designated temperature, etc

Figures 2 through 1l ate plots of the test data., The same nomenclature
is used,

BASELINE DATA - "NO-FLAW" COUPONS (FIGURES 2 AND 3)

For the type 1 [(90/0/+45) ]S laminate, the RTD static baseline strength
was 89.5 ksi, This is 108 percgnt of the design strength and 86 percent of
the expected strength. The 260 F dry value was 63 percent of this baseline.
The room temperature and 260 F wet values were 71 and 61 percent, respective
ly. The residual strengths after two lifetimes of ambient environment and
quasi-real~time loading spectra taken at room temperature and 260" F,
respectively, were 8. and 60 percent of this value, respectively.

For the type II [(0 /+45)2] laminate, the RTD static 16-ply baseline
strength was 92.6 ksi, %hIs was low due to some bending in the coupons even
though they were supported on all four edges. The 260 F wet static strength
was 85 percent of this baseline value. Tle residual strengths after two.
lifetimes of ambient environment and quasi-real-time loading spectra taken

at room temperature and 260° F, respectively, were 83 and 62 percent of

this basepoint value, respectively.

TYPE I FLAW - DELAMINATION (FIGURES 4 AND 5)

The type I flaw is a delamination. This was a potential critical flaw.
Two sizes were tested; namely, 3/2% and 5/16 inch. No critical flaw size was
found because the 5/16~inch delamination data unexpectedly were smaller than
the 3/8-inch data., The ecason for this is probably material property varia=
tion, although there is the possibility that the increased curvatures re-
sulting from the formation of the fabricated delamirations could have con-
tributed.,
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Figure 8 Compression Coupon Test Data - Stress Ratio Versus Temperature
and Lifetimes (Laminate Type 1, Flaw Type III1)
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For the type I laminate, the RID static strengths for the 3/8- and 5/16-
inch delaminations were 68.1 and 50.3 ksi., These values are used as the
basepoints for the fatigue tests and were 76 and 56 percent of the baseline
values, respectively., The 260° F wet tests were 83 and 90 percent of the
basepoint values, respectively.

The ambient environment residual strength tests after two lifetimes of
an ambient environment spectrum loading were 93 and 107 percent of the
basepoints, respectively. The 260° F residual strength tests after two life-
times of a quasi-real-time spectrum loading were 69 and 73 percent of the
basepoints, respectively.

For the type II laminate, the RTD basepoint static tests were 79.1 and
75.2 ksi, which are 85 and 81 percent of the respective baselines, The
260 F wet tests were 82 and 78 percent of the basepoints, respectively.
The ambient environment residual strength tests for the 3/8-inch delamina-
tion after one and two lifetimes of an ambient environment spectrum leoading
were 91 and 95 percent of the basepoints, respectively., For the 5/l6-ingh
delamination after two lifetimes, the tests were 106 percent of the base-
point value. The 260 F residual strength tests after two lifetimes of a
quasi-real-time spectrum loading were 77 and 86 percent of the basepoints,
respectively,

TYPE I1 FLAW - DELAMINATION UNDER COMBINED LOAD (FIGURES 6 AND 7)

The type II flaw is a 3/8-inch delamination in a coupon whose laminate
reference axis is orilented 22,5 degrees to the coupon centerline. This was
done to simulate a combined load condition, The ambient temperature dry
static strength for types I and II laminates was 63.8 and 68,6 ksi, respec-
tively., This wag 71 and 74 percent of the unflawed specimen haseline
values, The 260 F wet tests were 71 and 64 percent of the RID basepoint
values, respectively.,

TYPE III FLAW - PLY GAP (FIGURES 8 AND 9)

The type III flaw, a set of 1/8-inch=-ply gaps, had RID static strengths
of 70.2 and 83.2 ksi for types I and II laminates, respectively. They served
as basepoint values for the fatigue tests and are 78 and 90 percent of the
unflawed coupon bascline strengths, respectively. The 260° F wet tests were
69 and 61 percent of the basepoint values, respectively. The room tempera-
ture residual strength tests after two lifetimes of an ambient environment
spectrum loading were both 98 percent of the basepoint valucs, respectively.
The 260° F residual strength tests for the type I laminates after 1-1/2 and
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two lifetimes of a quasi-real-time spectrum loading were 68 and 77 percent

of the basepoint values, respectively; while for the type II laminates,
the tests were 83 and 90 percent,

TYPE IV FLAW - DELAMINATION IN TAPERED REGION (FIGURE 10 AND 11)

The type IV flaw is a delamination in the tapered region of a tapered
laminate coupon, This was the second potential critical flaw candidate.
The two flaw sizes were actually not size differences but rather
delamination/ply-drop location differences, The size B flaw comprises
regions of 1/8-inch delaminations in regions of taper where the taper is
formed by two dropped consecutive plies l-inch apart. The size A flaw on
the other hand dropped plies which were three layers apart, The size B
flaw comes very close to satisfying the requirements for a critical flaw,
as can be seen from the following analyses. One ninor reservation for the
test coupon configuration is that the delamination traverses the width
of the coupon, thus the local instability failure mode is a column-type
rather than a plate-type. However, because most of the peel stresses

result from the curvature in the region above the delamination, the results
should be representative,

The RTD gtatic strengths for the type I laminate and sizes A and B flaws
were 64.5 and 84,7 ksi, respectively, They are 72 and 95 percent of the
baseline unflawed specimen RTD static strengths, respectively, and serve as
basepoints for the remaining tests. The 260 T wet tests were 74 and 48
percent of the basepoint values, respectively, The room temperature resid-
ual strengths after two lifetimes of an ambient environment loading spectrum
were 93 and 88 percent of the basepoint values, while the 260° F residual
strength test results after one-half and two lifetimes of quasi-real~time
spectrum loading were 78 and 39 percent of thg basepoint values, respec-
tively, An interesting point is that the 260 F residual strength test

for the size B delamination was 33,3 ksi, which is 143 percent of the max-
imum spectrum load.

For the type Il laminate, the RTD static strength for the size A and
B flaws were 66.4 and 74.6 ksi, respectively. These are 72 and 81 percent
of the baseline values, respectively, The 260 T wet tecsts werc 79 and 61
percent of the basepoint values. The room temperature residual strength
tests for the flaws after one and two lifetimes of an ambient environment
loading spectrum were 98 and 97 percent of the basepoint values, respectively
For the size B flaw afterocwo lifetimes, the tests were 106 percent of the
basepoint value. The 260 F tests after one-half and two lifetimes of a
quasi-real-time spectrum loading were 74 and 48 percent, respectively., For
the size B flaw, this was 35.4 ksi or 109 percent of the maximum spectrum
load. Of the three fatigue tests of this type, all survived, and the results
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ranged from 99 to 115 percent of the maximum spectrum loadings. Were more g
specimens tested, these results would have substantiated a critical flaw i
size. Because an analytic stress distribution technique for this flaw type i
was not developed, however, extrapolation to other laminate configurations E
cannot be made yet.

CONCLUSIONS

The durability of advanced composite structures designed to encounter
large compression loads must be considered. The results herein showed that ;
one means of strength degradation is the loss of strength in portions of a i
laminate due to local instability failures such as occur in regions adja-
cent to a delamination. This can be minimized by proper design considera-
tions pertaining to the selection of the staclking sequence, The occurrence i
of delaminations in tapered laminate regions sppears to be one of the most :
critical flaws because the delamination growth mechanism is enhanced by the
presence of changes of curvature,

The statistical aspects of the test program; i.e., relationship between
duration of spectrum loading and flaw growth, were not carried out because
these tests were not conducted., Future completion of this task would lend
credence to a tractable failure model for durability of the advanced composite
structures containing delaminations or matrix crazed under a service (mois-
ture/temperature/loading) spectrum,
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ABSTRACT

The USSR model for determining the shaped-~charge jet velocity is dis-
cussed along with the USSR criterion for coherent jet formation. The USSR
model for shaped-charge jet formation differs from the US models in that a
visco-plastic behavior, i.e., a strain rate dependence, is postulated for
the explosively driven shaped-charge liner. Thus, a viscous dissipation
term is employed to retard the shaped-charge jet formation and to establish
a critical Tiner flow velocity and Reynolds number for jet formation. De-
tailed comparisons are made between the US and USSR models for both steady
state and transient collapse processes. Both models are compared with US
experimental data. A survey of the USSR open literature on shaped-charge
and wedge collapse and formation is presented. '

INTRODUCTION

Numerous open literature publications have originated in the USSR re-
lated to the collapse and formation of high explosive charges containing-
cavities with metal liners, i.e., shaped charge devices. The USSR medels
E1-7} are analogous to those employed by the Ballistic Research Laboratory

BRL) [8-11], but the USSR has extended their models to include the impact
of asymmetric plates [3] and visco-plastic material behavior [2,3]. The
basic BRL models employ a one-dimensional, incompressible, inviscid flow
model for the shaped-charge or wedge collapse process based on princiFles
formulated by Birkhoff, et al. [8], Pugh, et al. [9] and Defourneaux [10].
These results [8-10] were incorporated into a computer code by Harrison,
et al. [11] where transient effects, i.e., the collapse velocity variation
for each liner element (9], and the acceleration of each liner elenent to
the axis-of-synmetry, were included. :

The USSR models are based on the formulation of Birkhoff, et al. [8] or
Lavrent'ev [1] and extended to include visco-plastic effects by Godunov [2].
A detailed derivation and discussion of the USSR model is given by Walters
[12]. This model does not inciude transient effects. Typically, in the
axisymmetric hydrocode modeis used at the BRL, compressible flow is assumed
and the material constitutive relationships are based on elastic-perfectly
plastic nr work hardening models. The USSR models typically assume an
incompressible flow, but use a rate-dependent, visco-plastic qaterial
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constituitive equation [2,3,12].

Thus, the USSR visco-plastic models require a knowledge of the dynamic
viscosity coefficient and many USSR investigators have deduced viscosity
coefficients from experimental measurements under shock Toading conditions.
Walters [12] summarizes many of the USSR experimentally deduced viscosity
values, Additional data related to viscosity measurements and the collapse
of metallic bodies by high explosives are given by [13-36]. Material vis-
cosity values have also been experimentally determined in the US [12,37]
under shock loading conditions. The viscosity values deduced from various
experimental measurements depend on many parameters, primarily strain rate,
pressure, and temperature. However, the US measured viscosity values under
shock loading conditions are typically two orders-of-magnitude lower than
the viscosity values measured in the USSR [12-37].

The USSR shaped-charge liner collapse model, due to the incompressible
but viscid flow assumption, establishes a critical Reynolds number, and
analogously a critival flow velocity, to determine a jet-no jet criterion
[2,3]. In the US models, the criterion used for predicting a jet-no jet
or coherent jet condition is based on the analysis of Chou, et al. [40],
where a subsonic flow condition is required for the formation of a coherent
jet. Reliable models of the shaped-charge liner collapse and accurate
criteria to predict the transition from the jet regime to a jetless regime
would be a valuable aid to the shaped-charge designer. Thus, detailed com-
parisons between the BRL and USSR collapse models are warranted.

ANALYSIS

The USSR shaped-charge jet collapse model derived by Godunov [2] relaxes
to the classical US model [8-10] when the dynamic viscosity is zero. Basi-
cally, the USSR model yields a lower jet velocity and a lower flow velucity
tnan ghe 3S]models. However, the USSR predicts a higher slug velocity than
the US models. ' '

The USSR criterion to form a coherent jet is that the Reynolds nuiber,

o tusin?g '
Re v (1-sing) v M

be greater than two. The wall thickness is denoted by t, v is the Kinematic
viscosity, 28 is the collision angle, and u is the inviscid flow velocity as
given by Defourncaux [10], for example. The Reynolds number greater than
two criterion is based on experimental observations [2,12]. Detailed USSR
fornulae for the jet strain rate, jet velocity, viscid flow velocity, and
slug velocity, are given in [2,12]. Also, by setting Re=2 in Equation (i),
an expression for the critical flow velocity as a function of #, t and v
can be obtained. If the critical flow velocity is greater than the flow
velocity, a coherent jet will not form. Simonov [53 and others [14-17, 19,
21-23, 25, 26, 29, 30, 33, 34] define collapse angles for the transition
from the jet regime to the jetless regime for explosive bonding applications.
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These USSR investigators define collapse angles below which only inconherent
jets will form and collapse angles below which no jet at all will form.
Walsh, et al. [38] served as the basis for many of the USSR studies.

For both the BRL and USSR models, plane wave detonation was assumed
although spherical detonation waves were studied to determine the influence
of the wave shapy on the shaped-charge jet collapse. Also, transient flow
was assumed in both models based on the analyses of [10, 11] even though
the basic USSR model assumes steady flow [2]. Transient calculations provide
more realistic collision angle calculations. The overall validity of the
model is not the issue of this report, only the relative comparison between
the BRL model and the USSR model.

For the transient flow case, the stagnation point velocity (Vc) is given

- sin{B-a)-sin{g-a-g)
Ve =D, [: Sing ] (2)

where D is the speed of the detonation wave, 2« is the conical liner apex

angle and g is the plate bending angle. Equation (2) is used in both the
US and USSR models., Its derivation is given in [8-10]). The inviscid flow

velocity is given by
. sin{atg)-sina )
U 0, ': sing :] o (3)

in the US model [8-11]. The viscid flow velocity is

by

=u(1~z/ne) I (4)

,}n the USSR model (z] far Re>2. Also, Uy = U when the dynamic viscosity
S zero. -

In the US model, the jet velocity and,slug velocity are.'respectively.

| Vgevoth o I
and _ L _
CoVgEveeu | (6)
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In the USSR model, the jet and slug velocities are

<
!

=V_+ Uy, (7)

and Vo=V, - U, (8)

For a steady state collapse, analogou~ formulae are available [2, 8-10].
RESULTS

Steady state collapse models such as [1, 8-10] are conceptually simple,
but typically overestimate the jet-tip velocity. For example, Figures 1 and
2 present the jet veloucity distribution along the shaped charge liner axis-
of-symmetry normalized by the liner altitude (2/H), for steady state and
transient flow, respectively. The resultant jet-tip velocities are recorded
in Table I. This steady flow-transient flow comparison is given fog the
BRL 105mm charge which consists of a copper conical liner with a 42 apex
angle, a 86.4mn cone diameter and a wall thickness of 2.69mm. In Figure 2,
the experimental data obtained by Allison and Vitali [42] are also plotted.
Both the US and USSR transient models exhibit the same amount of agreement
with the experimental data. Note that the USSR steady state jet-tip velocity
closely approximates the BRL transient jet-tip velocity and the BRL steady
state model overestimates the experimental jet-tip velocity. The experimen-
tal jet-tip velocity is associated with the liner and not with a specific
shape of the detonation wave.

The USSR model reduces to the BRL model for low values of the dynamic
viscosity, i.e., when US measured values [37] of the dynamic viscosity are
used in the USSR model, the two models are indistinguishable. Also, for
wide angle conical Tiners, or when the collapse angle is large, the BRL and
USSR models yield approximately the same results for either the USSR or US
viscosity values. In order to amplify the difference between the BRL and
USSR collapse models, the dynamic viscosity was taken to be 10“Pa-s, which
is somewhat higher than the quoted USSR values for copper 52. 12] and two
orders-¢f-magnitude higher than the US measured values [37]. This value of
the viscosity (10“Pa-s§ was fixed in all test cases even though the viscosity
is dependent upon the strain rate, detonation velocity, etc.

Figure 3 shows the jet velocity distribution for the BRL 8lmm - liner
diameter precision shaped charge. The liner was fabricated from copper, the
high explosive was Compgsition B, the 1iner wall thickness was 1.%m and the
liner apex angle was 42° [43,47]. The jet-tip velocities are listed in
Table I. The measured siug velocity was 0.61 km/s [47]. The BRL and USSR
models predicted 0.52 and 0.93 km/s, respectively. The USSR model predicts
a high slug velocity since the sum of equations {5) and (6) or (7) and (8)

.y"e]d Vj + VS 2 ZVC; (9)
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Table I Jet-Tip Velocities for Several Shaped-Charge Liner Designs
Cone Apex Wall Detonation
Liner Angle Thickness Velocity JET-TIP VELOCITIES (km/s)

Description (Degrees) (mm) (km/s) BRL/USSR/Experimental
BRL-105mm 0.8, plane

Charge 42 2.69 wave, steady 7.605/7.18/7.01
BRL-105mm 0.8, plane

Charge 42 2.69 wave, transient 7.23/6.87/7.01
BRL-105mm 0.8, spherical

Charge 42 2.69 wave, transient 6.95/6.58/7.01
BRL-81mm

Precision 0.8, plane

Charge 42 1.9 wave, transient 8.02/7.62/7.62+.2
BRL-81mm

Precision 0.8, spherical

Charge 42 1.9 wave, transient 7.8/7.39/7.62+.2
Parametric 0.8, plane .
Study 42 1.0 wave, transient 9.58/9.14/----
Parametric 0.8, plane

Study 42 4.0 wave, transient 5.95/5.62/----
Parametric 0.6, plane

Study 42 2.69 wave, transient 5.62/5.28/---«
Parametric 0.4, plane

Study 4z 2.69 wave, transient 3.92/3.60/~«~-
Parametric 0.8, plane

Study 14 2.69 wave, transient 11.01/9.23/w=e-
Parametric 0.8, plane
Study 120 2.69 wave, transient 3.985/3.891/vww-
BRL Small

Caliber 0.8, plane

Charge [48] 20 1.17 wave, transient 10.43/8.03/9.9
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and Vc is the same for both the US and USSR models. Thus, since the USSR
value of Vj is Tower than the US value, the USSR value of VS must be higher

than the US value. In other words, the sum of the US jet and slug velocities
are equal to the sum of the USSR jet and slug velocities.

Also, the strain rates calculated by the USSR models [2] are of the order

of 108/s and show Tittle variation with Tiner element position. Carleone,

et al. [47, 44] calculated strain rates for the 8lmm-diameter precision .
charge and found a larger variation of strain rate with liner element posi-
tion including 1iner elements in both compression and tension. The peak
strain rate was 10%/s. Experimental measurements of the strain rate of
collapsing liners are not available, but Bauer and Bless [45] measured the
strain rate of exploding copper tubes to be about 10%/s and Walters [46]
deduced the strain rates of stretching jets to be of the order of 10%/s.

Next, parametric studies were performed on the BRL 105mm-charge [42].
The Tiner apex angle, the liner wall thickness, and the high explosive
detonation velocity were all varied independently. The jet-tip velocities
. are listed in Table I. Space limitations prohibit inclusion of the plots
b of the jet and flow velocities. However, the parametric studies indicated
- that some of the liner designs considered may fail to form coherent jets,
i.e., in the BRL model by a supersonic flow velocity, or in the USSR model
by a Reynolds number less than two (as indicated by the absence of plotted
data). In order to investigate the validity of any semi-empirical coherent
jet formation criterion, an actual jet which was shown experimentally to
have an incoherent tip was analyzed. Figure 4 presents this analysis for
a copper cone with a 20° apex angle, a 38.1mm liner diameter with a 1.17mm
wall thickness and heavily confined in a steel body [48]. Both the USSR
and the US models indicate a region of what could be incoherent jet forma-
tion. The USSR model predicts a Reynolds number less than two for the
initial jet elements, Z/H from 0 to 0.07. The BRL flow velocity is super-
sonic over the central range of the liner, Z/H from 0.03 to 0.7. In the
BRL model, the initial 1iner elements (near the apex) proceed along the
axis with a subsonic flow velocity. Liner elements formed later have a
higher velocity (supersonic) and compress the slower, preceding elements
forming a bifurcated, or n2arly incoherent, jet tip. The USSR model
indicates that the initial liner elements will not produce a coherent jet
and the inverse velocity gradient is smaller, and always subsonic., The
BRL model is in closer agreement with the experimental jet-tip velocity than :
the USSR model and for this reason, is deemed to be more accurate. Note that :
a firm criterion to predict the transition from a jet to jetless regime does
not exist. Hence, both the simple US and USSR models use semi-empirical
criteria to predict this transition.

P G e 0
e 2 g

For all the liner designs considered in this study, neither the BRL nor
the USSR model appears to yield a consistently accurate criterion for the ;
transition from a jet regime to a jetless regime. However, a critical :
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collision angle (8) may be calculated from Equation (1) by setting the
Reynolds number equal to two and calculating the critical 8. Any g greater
than this critical 8 will imply a jet regime. To investigate any coincidence
between a Reynolds number equal to two and a sonic flow velocity, Equation
(1) can be solved for a Reynolds number of two and u equal to the liner
material bulk speed of sound (c). The collision angles calculated as out-
lined above are given in Table II along with the code calculated collision
angles corresponding to flow velocities near 3.9km/s (the speed of sound of
copper), 4.8km/s (1.23 times the speed of sound of copper), and a Reynolds
number of two. A flow velocity of 4.8km/sec is the calculated flow velocity
above which 20° copper liners have been observed to have incoherent jet tips
[11]. The criteria for coherent jet formation based on a Reynolds number
of two, or a flow velocity of 1.23 times the speed of sound of the liner
material are both based on experimental observations.

Table II Comparison of Critical Collision Agles for Transition
Into a Jetless Regime With Calculated Collision Angles
Based on a Flow Velacity of 3.9km/s, 4.8Km/s, and a
Reynolds Number of 2

g Critical Computer Results
Shaped-Charge B Critical gﬂg 52;29 Reynnlds Flow Veloc- ]
Liner For Re=2* kn/s ' Number ity (km/s) (degrees)

14° apex angle, 22.1 21.6 1.55 3.8 16.6
2.69mm wall 2.0 4.42 21.2

2.75 4.8 22.5
42° apex angle, 37.7 31.6 9 3.9 49,5
Tmm wall
20° apex angle, 35.5 29.8 1.47 3.86 26.5
1.17mm wall 2.09 4.48 28.6

2.54 4.83 29.9

*Assume the plate bending angle [10] to be 10°.

From Table II, the 14° apex angle liner would probably not jet completely
since the calculated g values are less than, or nearly equal to, the
critical £ values. The 42° apex angle liner should jet coherently since
the calculated g is well above the critical # value. The 20° apex angle
Tiner should not jet completely. It is noteworthy that the p value
occurring at a Reynolds number of two is always within a few degrees of the
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g value at a flow velocity of 4.8km/s. The calculated flow velocity

depends on the plate being angle (#) which was assumed to be 10°. Of course,
this angle is not constant, and increasing ¢ will decrease B. Also, a
critical Reynolds number of two is not a firm criterion and may in fact

be higher, as discussed by Mali, et al. [39].

Thus, the critical collision angies for Re=2 and u=c appear to represent
approximate values of the collision angle which must be exceeded to remain
in the jet regime. Within the Timited amount of experimental data
available, this value would appear to be accurate to within a few degrees.
However, since the B versus Z/H curve can exhibit a plateau for liner
elements associated with the central region of the liner, a error in g of
over a few degrees could be critical in determining the correct transition
from a jet regime to a jetless regime.

CONCLUSIONS

The BRL and USSR models both provide a satisfactory prediction of the
shaped-charge jet velocity distributions. Agreement between the USSR
steady state visco-plastic model and the BRL transient flow model is good.
The USSR visco-plastic model, modified to include transient effects,
predicts lower jet and flow velocities than the BRL model. For large
values of the collision angle, such as experienced with wide angle cones,
the USSR models (transient or steady) agree closely with the BRL model.
Also, US determined viscosity values (up to two orders-of-magnitude
Tower than the USSR measured values) when used with the USSR shaped-charge
Jet collapse model cause the USSR models to agree closely with the BRL
model. In fact, the models coincide for a zero value of the viscosity
coefficient, The trends exhibited by the USSR and BRL models coincide.
The jet-tip velocity increases as the high explosive detonation velocity
;ncreases. or as the conical apex angle decreases, or as the wall thickness

ecreases.

Both the BRL and the USSR models appear to have the same capability
and suffer the same limitations. Neither model is capable of providing
a universal criterion regarding the transition between the jet regime
and the jetless (i.e., incoherent jet) regime.

However, the BRL has observed that the maximum obtainable jet velocity
for a copper conical liner corresponds to a calculated flow velocity of
about 4.8km/sec, where the maximum jet velocity is defined as the velocity
Just before a bifurcation or incoherency of the jet tip occurs [11]. The g
corresponding to a flow velocity of 4.8km/s is nearly the same as the p for
Re=2 in the USSR model, Only further experimental studies involving inco-
herent (or bifurcated) shaped-charge jets will clarify this point.
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ABSTRACT

This paper presents a numerical investigation of the effect of case material
on fragment velocity from explos1ve1y filled bombs. Fragment velocities are
found to be sensitive to the properties of the explosive, the case density, and
the thickness of the case. The fragment velocities are shown to be insensitve
to the elastic modulus, Poisson's ratio, strength coefficient, and work harden-
ing index of the case, and are also only weakly related to fracture radius.

The four theories studied predict about the same fragment velocities.

NOMENCLATURE

¢ Explosive mass
dy Initial wall thickness
By Elastic modulus
F. - Plastic modulus
Gurney energy of explosive
Strength coefficient
-~ Fracture constant
Netal mass _
Strain hardening mass
- Esvivsive pressure
- Cylindrical coordinates
Radius of case element

Time
Radial velocity of case element

- Gas expansion coeff1u1ent
Strain
- Poisson's ratio
Density
Stress
Energy ratio parameter
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INTRODUCTION

Analyses of fragment velocities from explosively filled bombs have devel-
oped based on improved case fracture characterizations. An early analysis by
Gurney [1] assumed the case has zero strength. The Gurney equation for fragment
velocity from tubular bombs uses only two parameters: the ratio of case metal
mass to total explosive mass, M/C; and the Gurney energy for the expiosive, C.
The designer using Gurney's equation with any specified explosive would be con-
cerned only with the density, inner radius, and thickness of the case. The
Gurney equation, v/vZG = 1//TM/C) + .5, does not depend on other material param-
eters that characterize the stiffness or strength of the case.

Models describing bomb dynamics which include material properties of the
case have been successively devised by Taylor [2], Hoggatt and Recht [3], and
Al-Hassani and Johnson [4]. Each study extended the previous work that began
with Gurney. Hoggatt and Recht provided a useful method for predicting the
minimum breakup radius based on the assumption that fracture of the case occurs
along planes of maximum shear stress. Al-Hassani and Johnson provided detailed
insight into the effect of material properties on bomb dynamics and, in particu-
lar, derived an equation for calculating the wall acceleration. The present
investigation uses these theories of bomb dynamics to study the effec’ of
commonly recognized material properties on fragment velocity.

To study the effects of case material parameters on the fragment velocities,
mathematical models are developed for the case material, the explosive pressure,
the wall dynamics, and the case failure. These models incorporate the following
assumptions: The case is an elastic-plastic material; the detonation gas prod-
ucts expand isentropically; the case expansion is in plane strain; the case
failure is a function of the stress state; and case failure terminates the
buildup of velocity. For this study the ratio of wall thickness to inner radius
is taken to be in the interval [.03, .17].

ANALYTICAL MODELS

CASE MATERIAL

The elastic-plastic stress-strain characterization for the case is given
by two equations:

0=E1'€ (])
for most of the elastic portion; and
o=k ¢ N (2)

for the non-proportional elastic and plastic portion, where &, is the elastic
modulus, X is the strength coefficient, and n is the strain hardening exponent.
The two curves intersect at the proportional limit point (epl, 001
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o, =E " (k/El)l/(l'”) (4)
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If £ is defined to be the derivative do/de at €1 then we find that
n = E5/E, (5)

Thus n can be interpreted as the reduction factor for Young's moduius at the
proportional 1imit. Estimates of X and » may be made from the following
algebraic manipulation of equations (1) and (2). Defining, as is frequently
done, the yield stress, o,, to be the stress needed to obtain a 0.2% permanent
set, and the plastic modulus, Z,, to be the slope of the plastic curve at the
yield point, we may use the stress-strain equations to obtain:

n = (E,/Ey) + .002 + (Ez/cy) (6)
This results in an expression for X ( = °|e=1)

K= oy/(.ooz + cy/;fs'l)" (7)

Empirical values for X and »n were obtained by Martin [5% for steel and aluminum,
and show for these materials X ranging from 48 000 psi (3.4 x 109 dynes cm™2) to
170 000 psi (1.2 x 101C dynes cm'z?. and n in an interval from 0.1 to 0.3.

EXPLOSIVE PRESSURE

The internal explosive pressure, P, exerted on the inner surface of the
case is related to the cavity volume through the perfect gas law, :

pe (1) b, ¢ b | @

where vy is the expansion coefficient, p, the gas density, and & the explosive
energy. This pressure is assumed to be uniform throughout the cavity. For
adiabatic reversible flow, an isentropic expansion of detonation product gases
results in [6], :

»+o,"Y = constant _ o (9)
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The equation derived from equations (8) and (9) is
P =By (rg/rg(0)) (10)

where P, is the effective detonation pressure, v, the internal radius, and ry(0)
the initial internal radius. If n, (< rq(0)) is the radius of a cylindrical
explosive, then P, is given by

Py = B + (rfrg(0))2Y ()

where Pj is the Chapman-Jouguet coefficient for the explosive. C-J coefficients

- for particular explosives can be found in [7] and wary from 1.5 x 106 psi to

5.5 x 106 psi (100 to 390 Kbars). For these computations y has been taken to

. be 3 throughout the expansion although it varies in an actual expansion, start-
-ing near 5 and soon falling to smaller values.

WALL ACCELERATION

_Figure 1 shows a case element at radius r(t). The equation of radial

3 motion for the element is

p é-»-d.zp/dtz = 30, /3r - (05 = 0 )/» - (12)

o

B

a0

+ ol AP
0)’ dp

L
! l on
Y4

FIGURE 1. Element Within Wall of Case.
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Let ry(¢) be the inner case radius, »,(¢) be the outer case radius, and ry(¢),
0 <a <1, be the radius of an arbitrary case element, Define vy as drg/dt.
Constancy of volume requires that

2 0 p2 = p2 - p2
r? -rl=r (0) ra(O) (13)
where o is arbitrary. By twice differentiating (13) and simplifying we obtain

dr/dt = (ra . ua)/r (14)
and
2 2_—, 2 . - 2- 3
dér/dt (va tr dva/dt)/r (ra vé)/r (15)
We will need the following relationships for the strains:
€, = € = My - ee)lar - gy = r'aeelap (16)

r

From constancy of volume and by assumption of plane strain (using cylindrical
coordinates), '

€y ° "€, = €, ° €, (17)
At the inner surface

gglrg) = in(rg/rg(0)) (18)
Solving (16), (17), and (18) for € by integration, etc., gives

gglr) = (29(0)2/p2) * tn(ro/rg(0)) (19)

Define € and G, the effective stress and strain by

€w /9 - T, =€)l + (g5 - €))7 + (g, - €))7 (20)
G« /DY~ [0, = 902 + (95 - 0)% + (0, - 9.)7] (2
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.
ﬁ‘ﬁ .i g Substituting for €, and €, in (20) gives
= (2/V3) - g (22)
fﬁ g, Further substitution into the Levy-Mises equations,
ﬁ; = eg = Log = (1/2) - (o, +0,)] - €/0 (23)
etc., for €ps €0 and € yields

i : E_é o = (/3/2) * (o4 - 0,) (24)

? For simplicity assume that strain rate effects are negligible. (Al-Hassani

3 and Johnson have shown how a strain rate index can be successfully included in

3 the solution.) Thus equation (2) says that

G=k-e" - (25)
Manipulating (22), (24), and (25) gives us

oy = 0, = (233 g e een : (26)

We can now combine (12), (15) (with a = 1), (19), and (26) and obtain

| 0 Jor = p » [(vg +r ; dv;/dt)/r - »f_- v§/»3)
- (2B - ke Drgl0)2 + anlwafrolON)]Yp D (2n)
lntegrating with respect to » an¢ using the conditién

0,,(r) = up | | | ' o . (28)

" and equation (14) with » = » and n, = pg gives
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o, =<P+top:" [(v§ + ry * dvg/dt) * talr/vg) + (r§ * v§/2)
C (22 - 2g72)] - (2/V3) ) - (k/20)
© (7§ taleg/rg(0))) + (&7 - 2y~ (29)

On the outer surface of the case cp(rl) = 0, so substituting »; for » in i
(27) and solving for dv,/dt gives

Py e X N

dvoldt = (1/ (o * rg * tnlry/rg)) * [P - p ¢ v§ * (fa(ry/rg))
+(p* 2f * v§/2) * (mg™% - m72)
- () I - (ky2n) ¢ (r§ " talrgleg(0)))"
(g - (30)
Since
f = »f + r3(0) - »§(0) (31)

we can use equation (30) to estimate the fragment velocity of the case at the
failure radius rp by numerical integration. .

CASE_FAILURE

Taylor, Hoggatt and Recht, and Al-Hassani and Johnson have each formulated
- criteria for case failure. These criteria each involve evaluating the hoop
stress at the inner case surface. Combining (19), (26), and (29) and noting
- that oy(r,) = 0 results in the inner surface hoop stress,

opra) = (2B <k ((rg(0)/r0)2 * talvg/rg(O))" < 1 (32)
and the outer surface hoop stress,
oglrn) = (VB < ke (g (0122 * talrg/ng(0)))" (33)
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During expansion of the case to failure Ue(Po) is monotonically increasing
starting with a value of 0. og(ry) is initially negative and eventually
increases to a positive value as the hoop strain term increases and the pressure
. term decreases. (The first term in equation (32) involves the hoop strain, and
the second term the applied internal pressure.) Thus during the expansion to
failure there is a region of compressive hoop stress extending from the inner
radius to a radius of zero hoop stress, and a region of tensile hoop stress
between the zero hoop stress radjus and the outer radius. The radius of zero
hoop stress is initially the outer radius and moves to become the inner radius
of the case, after which time failure can occur. Taylor's [2] criterion for
failure is that the hoop stress at the inner surface is zero. This radius can
be found from equation (32).

Hoggatt and Recht [3] observed that the fracture surfaces of cylinders
subject to high order explosions run in planes approximately 45 degrees to the
radial direction. These planes parallel planes of principal shear stress.
Fractures begin as radial cracks appearing at the outer surface and progress
inward as the stress component normal to the shear planes changes from compres-
sive to tensile. This condition is satisfied when the Yensile hoop stress
becomes equal to the compressive radial stress; therefore, complete failure
occurs when the tensile hoop stress at the inner surface is equal to the internal
pressure.

Consider a cylindrical differential element at the inner surface of the case.
Subject to the internal pressure I of equation (10), it will experience high com-
pressive, radial and hoop stresses, and will expand plastically from a radius

ry to a radius p. The natural strain in the radial direction (assuming ¢, = 0)
is given by ‘

€, ° ﬁn(z'o/z"p) . (34)
If the stress condition were uniaxial then we would have by equation (2)

e, = =(p )" - o (38)

P P : , '

wheie &, is the compressive uniaxial pressure. If oy and o, are the hoop stress
~and axial stress then - ,

b= - (1/v2) - {(-P-OG)Q + (ué-o“)z ¥ o+ ' ) (36)

represents an octahedral shear stress eguivalent to the uniaxial stross failure
condition [3). o :

do2




With decreasing P and og, (06 eventually positive), the differential ele-
ment at the inner surface expands elastically until case failure at radius re
and inner pressure Pp. The strains are given by

€, = -(Pf/El) - (v/E,) * (oe + °z) (37)
1 g = (0g/E1) = (k1) « (o, = Pp) = (rp/r) -2 (38)
: 3 e, = (0,/E1) = (V/Ey) * (0 - P) = 0 (39)
i; ?“ where v is Poissonfs ratio. We hypothesize that o = Pf at rp, $9 that from
. % ? (38) and (39) we find

n, = rf/(l + (1 +v) (Pf/El)) (40)

and from equation (36)

Combining (34), (35), (40), and (41) results in

rrg = L1+ (2/5) (L4 )] exp (By) (42)
To find the inner radius at.failure.,h_, first find by trial and error 2, '
satisfying ' S _ ' J
| (pure MR 5 Lk (pgn) - (14 0) - exe (g (43)
since
9 .
e b W o

The criterion for failure suggested by Al-Hassani and Johnson involves a
fracture constant, k, equal to the ratic of the hoop stress of the inner radius
~ -at failure to the ultimate tensile strength of the material, uyps. Neglecting
' ?tr§iu rate effects, the ultimate tensile strength is calculateﬁ from equation
{32) as . ' '
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Outs = (VY ke (aale yr0(0))) (45)

Radial cracks may propagate only if the hoop stress at their tips are greater
than k+o 4. Thus the failure radius is found by solving

Py + (rplrg(0))7Y = (1= &)+ (21 k- (aa(ry/eg(0))" (46)

for r». When k = 0 the calculated fracture radius corresponds to that proposed
by Taylor; when k = 1 the case does not fail. The fracture radius as calculated
by Hoggatt and Recht does not correspond to a single value of k.

For consistency in the computations which follow, the radius of failure pro-
posed by Hoggatt and Recht is used. This radius is convenient for a reference
since it is not rate dependent, is only slightly greater than Taylor's failure
radius, involves the introduction of no new material parameters, and is supported
by some experimental observation. We shall, however, want to remark on the
equivalent k value obtained for this failure radius and comment on the effect of
increasing k on the fragment velocity.

COMPUTATIONS
PROCEDURE

The mathematical models formulated for failure radius and wall acceleration,
equations (43) and (30), respectively, in the preceding sections were assembled
in a computer program. For given values of ry(0), »,(0), Pg, &y, v, Ky n, and
p, the fracture radius rp, was calculated according to the gormulas developed
by Hoggatt and Recht. e equation for the wall acceleration was then used to
numerically integrate vy from 0 to the velocity at the failure radius. The
integration was continued until the inner surface reached a radius of 1.5 »p.
Values for the fracture constant, k, suggested by Al-Hassani and Johnson which
would have resulted in case failure at rp and 1.5 vy were computed. By repeat-
ing the computations over a range of vallies for the” material parameters we were
able to see the relative importance of the materia) parameters on the fragment
velocity. The intervals in which the material parameters were taken are:
(21(0)=rg(0))/1y(0) in [.03, 1715 #, in [1300000, 4000000] psi ([8-102, 3:1010]
Pas; £, in [3000000, 90000000) gsi (El.4‘105. 4.3'1078 Pa); v in [0.0, 0.5); &
in (20000, 200000] psi ([9.7+103, 9.7:10%] Pa); » in [.01, 1.0]; and » in the
interval [.0002, .0015] tbm/ind ([5.5, 41.5] kg/m3).

A dimensional study of the variables used in this study suggests the fc)low-
ing scaling parameters for use in describing the results: r/vo?o). RPyy By Py,
v, p-vi/?u. and n. Since the mathematical models used are all continuous and
dimensionally consistent, it was gratifying, but not surprising, that the vesults
of our computations scaled according to these parameters.
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RADIUS OF FRACTURE

Computations using equation (43) show that the elastic modulus, &, and
Poisson's ratio, v, for the case material are not important in determining the
radius of failure over a range of E; and Py Tikely to occur in practice. This
is illustrated in Figures 2 and 3. Examining equation (43) shows that when the
ratio of Py/E, is small, as it would be for practical case materials, and with
v in the interval [0.0, 0.5] by definition, the factor (1 + (Py/E,) * (1+v))

varies little from a value of 1.0 and so has little effect on the fracture
radius.

The same equation, on the other hand, says that the radius at fracture is
a function of x and n, as shown by Figure 4. Higher values for the strength
coefficient are paired with lower failure radii. The reason becomes apparent
when examining equation (43) which shows that (P/x)(1/7%) appears as a power of

an exponential factor so that the solution of (43) for Pf is sensitive to both
K and n.

The values for the equivalent fracture constant, k, needed to obtain the
the calculated fracture radii fell in the interval from [.15 to .22], values
which reflect the fact that the calculated radii are slightly larger than the
radii that would be calculated by Taylor's method (k=0). The equivalent constant
needed to obtain fracture radii 1.5 times those calculated fell in the interval

[.93, .96], indicating that the failure radius increases slowly until & reaches
values near 1.

2.5¢

2'0 P

n.j g (Q}
rﬁ

Mgt
- £/t

FIGURE 2. Radius at Fracture vs. Elastic Modulus

at n = 2.5, v = .3, &/py © .05,
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- FIGURE 3. Radius at Fracture vs, Poisson's Ratio
Z at n= 025| El = 30000000 psit‘)K/po = 0050
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FIGURE 4. Radius at Fracture vs. Strength of Case.
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VELOCITY AT FRACTURE

Equation (30) can be used to calculate fragment velocities for a wide
range of case parameters. Letting dy(0) be the initial case thickness
(do(0) = 24(0) - »y(0)), it has been found empirically that for fixed values
of X/Py and » that the ratio of kinetic energy at large deformations to the
internal explosive energy, (p-v§/Py):(dq(0)/rq(0))-96%, was a constant in the
interval [.45, .50] to within 5% for do?O)/rO?O) in the interval [.03, .17],
and that (dy(0)/ry(0)-968 accomplished a better nor%Plizing factor than did a
volume term such as (1 - (rg(0)/r,(0))2). Thus, ¢ 2 (p-v§/Py)(dy(0)/ry(0))-968
will be used as a descriptive parameter to show the effects of case properties
on fragment velocity.

Equation (30) for the wall acceleration can be rewritten showing the terms

d(D'UB/PO)/dt = (UQ/I'Q) . [(Po(O)/Po)ZY/Qn(Pl/I‘o)

(1 - (/e )2)
- (p-8/20) ~(1 i ) - (v

1 - (Po/r‘l)zn
| . - (47)
(k/Py) ( an Lal{re/rg(0)) 1'")]

There is only one term on the right-hand side of equation (47) involving &/P

and n. This term indicates that increasing ¥/P, yields lower wall acce]erat?ons.
Coupled with the lower fracture radius for higher K/P, as discussed in the previ-
ous section this results in lower velocities at fracture. This is, in fact, the
result shown in Figura 5. The effect of the third term in (47) is quite small.

Comparing the calculated velocities at rp and 1.5.rp, or equivalently for
fracture constants at about .2 and .9, we fouhd that a 50% increase in fracture
radius yielded increases in fragment velocity of less than 1%. It can be con-
- cluded that fragment velocity is insensitive to case material properties for

~ values of k between 0 and .95. Consequently, the mode of failure, unless quite

different in nature from that of Taylor's or Hoggatt and Recht is not an impor-
tant factor in determining fragment velocity. -
Gurney's equation [1] for calculating fragment velocities is given by
| v Jiﬁ-/ Ay + 5 o o o (48)
where 2¢ = Pg/pﬁ'(y-l) and ¥/¢ is the ratio of metal mass to totai explosive
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FIGURE 5. Kinetic to Explosive Internal Energy Ratio vs. Strength of Case.

mass. To check the validity of ¢ for filled bombs, substitute vo from (48)
- into the expression for ¢. This yields

po g | :i‘)(O))"368 ’ , V(do(o)/ﬁ’o(o))‘gw
os v \mwy)

— e (89)
(o) o moom) + < ()]

If the explosive mass is zero, equation (49) results in 9 = 0.47, This is

. equivalent to velocities at fracture that were found u51ng the equation for
wall acceleration (30). A characteristic value of equation (49) for typical

~ tubular bombs is ¢ = 0.3. Thus, neglecting the kinetic energy of explosive

products increases the predicted fragment velocity ab0ut 30%.
CONCLUSIONS 7
A theory for explosively loaded case faiiure by Hoggatt and Recht and a

theory for case acceleration by Al-Hassani and Johnsor have been used to inves-
tigate the effects of case material properties on fragment velocity. Velocity
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calculated using this integrated theory has been compared with that predicted

by the Gurney equation. These velocities are very close. Fragment velocity is
insensitive to the material properties considered: elastic modulus, Poisson's
ratio, strength coefficient, and work hardening index. Fragment velocity is
also insensitive to the radius of fracture for values roughly equal to those
predicted by Taylor. Consequertly, for case materials normally encountered,
fragment velocity depends on the properties of the explosive, on the density of
the case, and on the bomb geometry. The parameter ¢, a ratio of expanded case
kinetic energy to explosive internal energy, can be used to describe the effects
of these parameters. ¢ is approximately equal to 0.5.
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IN-BORE MOTION ANALYSIS OF THE 155mm XM712 PROJECTILE
WHEN FIRED IN THE M198 HOWITZER

DR. SZU HSIUNG CHU
Mechanical Engineer
Department. of the Army
ARRADCOM .

Dover, NJ 07801

ABSTRACT

This paper presents the results of an analysis of the in-bore, transverse
motion of the 155mm XM712 projectile when fired in both a new tube and a worn
tube of the M198 howitzer. The worn tube condition was taken as one with
1,710 rounds fired in the tube Serial Number 83, The approach taken in this
investigation utilized the equations of motion derived previously and reported
in several references. An effective rifling angle or twist is introduced,
since this projectile uses an obturator instead of a rotating band. The
gun tube is considered to be straight and stationary. Effects of projectile
bourrelet friction and tube droop have been ignored in the analysis. The
center of mass eccentricity of the projectile was assumed to fall in the range
of 0 to .287 millimeters or .0l13 inches., This is equivalent to maximum
imbalance of 176.5 mm-N or 25 in-oz as used in the analysis.

Tahulations are recorded for the peak values of yaw angle and velocity,
cross spin, normal accelerations at the c.g., bourrelet center and two axial
points, and lateral forces at the c.g., bourrelet and obturator. Time,
velocity, acceleration, yaw angle and velocity, normal acceleration, and
forces at the bourrelet and the obturator are plotted to show their variations
with respect to the travel.

The computation result shows that the lateral bourrelet forces are very
small (less than 4,450 newtons or 1,000 1bs) for all cases considered and the
-effects nf the c.g. imbalance, the tube wear and the clearance between the
bourrelet and the tube are prominent.

NOMENCLATURE

BRT = Bourrelet

c.g. = Center of gravity or mass

D = Diameter of gun tube bhore

E = Young's modulus of bourrelet material
Fb = Elastic {orce at bourrelet

g
»

, ‘y’ Fz = Total force components acting at c.g., in
XYZ directions

h = Digtance from c.g. to bourrelet

hl’ h?, h3 = Angular momenta in 1, ., 3 directions

k = Spring constant at bourrelet
£ = Distance from c.g. to obturator center section
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1 Mz, M3 = Total moment components in 1, 2, 3 directions

Mass of projectile
= Effective twist of rifling
Radius of gun tube bore
Radius of bourrelet
= Wall thickness at bourrelet
= Velocity of projectile at muzzle with same length unit as
that of bore diameter
W = Displacement of obturator in Z direction
X, Y, Z = Fixed Cartesian coordinates (Figure 1), displacements
of c.g. in X, Y, Z directions
X, Y, Z = Body-fixed moving Cartesian coordinates (Figure 2)
y = Effective twist angle of rifling
¢ = Deflection at bourrelet
¥, ¢, 6 = Euler's angles (Figure 3)
3.141592654
Cross spin of projectile
= Projectile muzzle spin

/

=

M
m
1
R
r
t
v

ot

Ll
Q

2, 3 = Moving Cartesian coordinates (Figure 2)
= Dot over a quantity denotes 1its time derivative
= Double dots over a quantity denotes its second time derivative

Q

m

Ry, 92, 93 = Angular velocity components in 1, 2, 3 directions
1,

INTRODUCTION

A thorough understanding of the transverse in-bore motion (also
called balloting) of a projectile during launch is one of the many challenges
of developing modern weapon systems that the designer has to consider
seriously. The analysis of this motion can provide estimates of both linear
and angular displacements as well as velocities and accelerations, when the
projectile is in the gun or at the muzzle. Corresponding forces and moments
on the various regions or components of a projectile can also be assessed.
In addition, the Interface action of the projectile and the gun, as the
projectile travels down the bore, can be monitored. The behavior of the
system in this environment is important to the designer. Being able to
describe the interaction of the projectile and the gun as well as the
response of internal projectile components to the anticipated input phenomena
can aid greatly in the early evaluation and analysis of the preliminary
designs. Furthermore, the motionof the projectile at the muzzle provides
the initial condition of the transitional exterjor ballistics., It is with
these objectives in mind that the investigation of the motion of the XM712
projectile in the M198 howitzer was performed.

PROBLEM FORMULATION

In this analysis the projectile configuration is taken as symmetrical

about its longitudinal axis. The base pressure is assumed to be uniformly
applied to the projectile and there is no gas leakage around the obturator,
Consequently, the point where the cylindrical axis of the projectile intersects
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the obturator center plane is assumed to move along the gun tube center line
in the analysis. The mass distribution of the projectile may be uniform or
non-uniform and may thus be represented by a c.g. eccentricity or static
imbalance of a certain value. The exact c.g. eccentricity is usually not
known. Consequently, an assumed range of 0 to .0l13 in (,287mm) equivalent
to 0 to 25 in-oz (176.5mm-N) imbalance is used in the computation.

The gun tube is considered straight and stationary. The influence of
gun tube droop is ignored in this analysis,since its effect on the transverse
force and accelerations has been shown to be rather small in previous
calculations (2, 3]. Past work has shown that the effects of balloting
motion will be aggravated if firings are performed in gun tubes having an
advanced state of wear., To study this effect, computations were performed
with a worn tube (with wear condition after 1,710 rounds) as well as a new
tube. ‘

The frictional forces at the bourrelet and the obturator are ignored in
the analysis. Thelr effect on the projectile motion seems to be small as
previous computations for projectiles with rotating bands [2] and experimental
results obtailned at Picatinny Arsenal have shown. Though there is'a large
slippage between the rifling lands and the obturator, the rifling action on
the projectile is not neglected, To account for this . action, an effective
rifling angle or twist is introduced and expressed as a relationship between
the velocity and the spin rate of the projectile at the muzzle. Adequate
experimental data is available to substantiate this.

The bourrelet of the projectile is assumed to be elastic. The spring
constant may be obtained by a compression test of the bourrelet or approxima-
tely computed by using the cylindrical shell deformation equationms,

Both fixed and moving coordinate systems are necessary to define the
motion of the projectile, In this analysis the fixed or inertial coordinate
system XYZ (Figure 1) 1s located with its origin at the initial position of
the obturator center, which is equivalent to the rotating band center of the
projectile with a rotating band. Tne Z-axis coincides with the gun tube center
line; X-axis 1is horizontal and perpendicular to the gun tube axis; and the
Y-axis 1s positive upward in a vertical plane and satisfies the right-hand
coordinate system convention, This choice conveniently determines the gun
location of the moving position of the obturator center which is the origin
of the moving coordinate systems 123 and xy z.

The moving coordinate system 123 (Figure 2) has its origin located at
the moving obturator center. The 3-axis coincides with the longitudinal axis
of the projectile, so that the l- and 2-axis lie in a plane perpendicular to
the projectile axis, The l-axis is always colinear with the nutation axis
determined by the Euler's angles ¢y, 6, and ¢ (Figure 3). As a result, this
coordinate system is convenient in determining the cocking motion and the
bourrelet force of the projectile and the Euler's angles,
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The body-fixed moving coordinate system x Yy z (Figure 2) is confined on
the projectile, with its origin coinciding with that of the 12 3 coordinate
system. In fact, the z-axis coincides with the 3-axis. The X-axis is
positioned such that the projection of eccentric c¢,g. of the projectile on the
obturator plane lies on this axis, These two moving coordinate frames are
related by the fact that the Xy z system (hence the projectile) spins about
the 123 system with both the z-axis and the 3-axis as the axis of spin.

The angle between the X-axis and the l-axis (nutation) axis is the Euler's
angle ¢ (Figure 3). This coordinate system determines conveniently the
positions of c.g. and the other projectile components such as fuze, relative
to the projectile.

The orientations of the moving coordinate systems 123 and x4z (hence
the projectile) are linked to the fixed system xyz by Euler's angles ¢, 0,
and ¢ as shown in Figure 3.

Based on the above-mentioned assumptions and coordinate systems and
employing the theory of dynamics of rigid bodies and elasticity principles,
Newton's and Euler's equations for the analysis and assoclated force and
moment equations are derived [1, 2, 3, 4]. These equations are too lengthy
to be included here., However the simplified main equations are listed in the
following Governing Equations Section,

GOVERNING EQUATTIONS

The simplified main governing equations in this analysis are as follows,
The notations are explained in the Notation Section.

Newton's equations:

n¥ = Fx (1)
my = Fy (2)
nZg = Fz &)

Euler's equations:

'hl - 93h2 + th3 = M1 4)
hy = Qhy + Qb = M, (3)
hy = by + Qphy = My (6)
Bourrelet force and deformation equations:
¥, = ks (7N
k = Et>/.135¢ (8)
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Rifling effect equations:

I/N =@ D/V (10)
v = tan"t (a/N) (11)
Wtany =R () + ¢ cos 6) (12)

Cross spin rate euqation:

T g
Q= (Jsin)? + 62 (13)

INPUT DATA FOR ANALYSIS

The gun tube dimensions used in this analysis were obtained from the
155mm M198 howitzer. The projectile travel is 200 inches or 5.08 meters and
the land diameter is 6.100 + .002 inches (154.94 + .05mm)., The nominal twist
is 1/20. The effective twist angle y is computed from the experimental muzzle
velocity and spin data according to Eguations (10) and (11). The computed
values are: y = 1.430881 deg. (0.25 rad) for a muzzle spin of 30 rps and a
velocity of 1918 fps (585 mps), and Y = ,954031 deg. (.0167 rad) for a muzzle
spt1 of 20 rps and a velocity of 1918 fps (585 mps).

To investigate the effect of tube wear, the wear condition of the chrome
plated gun tube XM199 SN 83 after 1710 rounds was used in the second part of
the analysis. This state of wear is shown in Figure 4, This worn tube
exhibited large wear only near the muzzle and has slight wear elsewhere.

In the analysis all gun tubes are assumed to be fired at an elevation of

30 degrees (.5230 radian) and they are considered to be straight, rigid and
stationary.

The chamber pressure used in the computations is plotted against time in
Figure 3.

The simplified dimensions and properties of the projectile XM712 and the
M198 howitzer are tabulated in Table 1. As the actual values of c¢.g. imbal-
ance are not available, values of 0, 5, 10, 15, 20 and 25 in-oz (0, 35.3,
70.6, 105.9, 141.2 aad 176.5 mm-N) are used in the analysis. These values
are equivalent to c.g. eccentricities of 0, .0023, .0045, .0068, .009] and
.0113 inch (0, .0058, .0115, .0173, .023} and .0287 cm) respectively.

The actual spring constant of the bourrelet is also not available and
was therefore computed from Equation (8). It is calculated to be

k= .1306 % 10° 1b/1n (22.86 X 10° N/mm),
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using

the bourrelet center are characterized.

E=130X 106

t = .176 in (4.47mm)

r = 3.046 in (77.37mm)

psi (206.8 X 10° N/mn®)

To aid in visualizing the magnitude of normal accelerations at various
points at the projectile axis, axial points A and I in addition to c.g. and

A and F to the base of the projectile are 44.05 and 51.55 inches
(111.89 and 130.%4cm) respectively (Figure 2).

A,

L.

TABLE |

The distances from the axial points

DIMENSTONS AND PHYSICAL PROPERTIES OF PROJECTILE AND GUN TUBE

Dimensions and Properties of Projectile

Total length of projectile, cm (in)

Obturator to base distance, em (in)

C.G. to base distance, cm (in)

Bourrelet to base distance, cm (in)

Bourrelet diameter, cm (in)

Bourrelet gpring constant computed,
10B6 N/em (10E6 1b/in)

Based on bourrelet wall thickness, em (in)
Axial Point A to base distance, cm (in)
Axial Point T to base distance, ¢m (in)
Weight of projectile, kg (lbs)

Polar moment of inertia, kg-cm sq (lb-in sq)
Transverse moment of inertia, kg-cwm sq (lb-in 8q)

Dimensions and Propercties of Gun Tube

Bore diaweter, mm (in)

- Tube inclination, radian (degrees)

Travel, m (in)

iffoctive twist angle of rifling, radian (deg)
(30 rps spin)

Effective twist angle of vifling, vadian (deg)
(20 rps spin)

137.287
5,055
38,141
104,013
15.474

229
447
111,887
130,937
62,650
53,138
1998,376

154,940
+.05

524

5.080

025

017

(54,050)
(1.990)
(22.890)
(40,950)
(6.092)

(. 131)
(.176)
(44,050)
(51.550)
(138.120)
(755.800)
(28423.580)

(6.100)
(+.002)
(30.000)
(200.000)

(1.431)

(.954)

;
|
&E




RESULTS OF ANALYSIS AND DISCUSSIONS

The computations were performed for the four categories shown in Table 2.
In each category, seven cases have been computed. 1n the first six cases,
the parameter varied in the computation is the c.g. imbalance. It is
varied from O to 25 in-oz (176,5mm-N) in steps of 5 in-oz (35.3mm-N). The
first six cases are initialized with the bourrelet contacting the gun tube.
In the last or the seventh case the projectile is assumed to be initially
parallel to the gun tube axis with the c.g. imbalance taken as 25 in-oz
(176.5mm-N). This last case is intended to show the effect of initial
projectile position. All other parameters involved are assigned constant
magnitudes for the seven cases.

TABLE 2
CATEGORIES OF COMPUTATIONS

Category 1 Gun Tube 1 Land Diameter, mm (in) 1 Spin Rate, rps

1 1 New 1 154,94 (6.100) 1 30
2 { Worn i 154.94 (6.100) } 30
3 =i New i 154,99 (6.102) } 30
4 i New i 154.99 (6.102) i 20

The governing and associated equations are solved using a numerical
integration method., The computations were performed on a
CDC 6600 computer. The peak values of calculated results are tabulated in
Tables 3, 4, 5 ond 6, and some results of categories 2 and 3 are plotted
agalnst travel in Figures 6 to 18 to show their variations. PFrom these
tables and figures it is seen that all peak values are very low and the
motion has less variations when compared with those of projectiles such as
the 155mm M483 [4] and 8 inch XM753 [3]. The peak values, however, are
inereased as the c.g. cccentricity increcases. This, however, is not true for
the lateral obturator forces in new and worn tubes or the yaw angles
and velocities in the worn tube cases. Peak values for cases with land
diameter of 6,100 inches (154.99mm) differ very little from that of the worn
tube (nominal land diameter is 6,100 fnches or 154.94 wmilldweters) except for
yaw angles and velocities., The differences are large between cases of land
diameter of 6.100 inches (154.9 mm) and those of land diameter of 6.102 {uches
(154,99mm),

The obturator slips on the gun tube and thus considerably reduces the
centrlfugal forces. Consequently the centrifugal foree effect is small {n
tais analysis. The reduction of spin rate from 30 rps to 20 rps results in
small changes in the peak values. Therefore it scems that the wost sensitive
factors in this analysis are the ¢.g. eccontricity, the worn tube, and the
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clearance between the gun tube and the bourrelet. This is also true for
projectiles with ordinary rotating bands [1, 2, 3, 4]. The effect

of worn tubes on the peak values is small in this analysis compared to the
large effect experienced for projectiles with ordinary rotating bands.

This minimal effect is due to the reduction in the spin rate resulting from
slippage between the gun tube and the obturator. Thus degradation nf the spin
rate acts to reduce the centrifugal force at the c.g., which in turn reduces
the balloting motion, With emall balloting motion the effect of a worn tube
becomes small. Furthermore, the wear of the worn tube is moderate

from the breech to about 70 inches (177.8cm) from the muzzle but severe near
the muzzle. The base pressure is high near the breech but low near the
muzzle. This combined influence tends to make the worn tube effect on the
peak values not so evident as those on projectiles with a rotating band.
However the effect of the worn tube on the variations of the variouvs
quantities are prominent as seen from a comparison of curves of new and worn
tube cases as shown in Figures 7 to 18.

The effect of initial projectile orientation can be seen by comparing the
cases having the gun tube in contact with the bourrelet with that of a
projectile positioned parallel to the gun tube. This may be seen in cases
6 and 7 of each category. The peak values are net significantly influenced
. by whether the projectile is initially parallel to the gun tube or contacting

- the tube, : S

}cm
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CONCLUSIONS

Based on the results of computations and discussions,it is seen that the
balloting motion of the XM712 projectile is not severe. The peak values and
the variations of motion are much less than those of projectiles having a
rotating band. The approximate maximum peak values are as follows.

Bourrelet contact force 990 1bs (4400 N)
U.G. lateral inertial force 720 1bs (3200 N)
Obturator lateral force 300 1bs (1330 N)
C.G. normal acceleration 8 g's
Bourrelet center normal acceleration 12 g's
Axial point A (44.05 in or 111,89 cm

to base) normal acceleration 13 g's
Axial point T (51.55 in or 130.94 cm

to base) normal acceleration 15 g's

Yaw angle L0005 rad.

Yaw velocity .11 rad/sec
Cross spin rate .11 rad/sec

The effects of increase in the bore diameter and the c.g. eccentricity

‘are prominent, The increase of the c.g. imbalance from 0 to 15 (specifically

10 in some cases) in=oz or 0 to 105.9 (ecspecially 70.6 in some cases) mm=N
causes a considerable change in balloting but lesser variations when it is
further increased to 25 in-oz or 176.5 mm=N. An increase in the bore diameter
causes less variation in the motion pattern but rather large increases in the
amplitude or magnitude of tho motion.

The effeet of the tube wear 1is such as to produce more fluctuatiens in
the balloting motion as shown by the curves of worn tube cases. The change
in the peak values however is small, '

The effeet of the initial position of the projectile, whether it is
parallel to the gun tube or contacting the tube at the bourvrelet, is small.
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ABSTRACT

An impact apparatus was developed for firing regular and irregular-shaped rock
projectiles, Sedimentary and igneous rock projectiles were fired at the center of a
simply supported aluminum beam in a series of impact tests, The experimental in-
vestigation was conducted to determine: dynamie response of the beam, localized
permanent deformation of the beam in the region of impact, and fracturing behavior
of weak and strong sandstone, Strain gages attached to the beam, disclosed that cuch
rock material upon impact exhibits its own mechanical signature, 16-mm high speed
films of the impact process, provided valuable projectile and beam displacement data
both during and after impact, The experimental data were invaluable to the subsequent
development of analytical models which approximate the dynamie behavior of a roek

" projectile-beam system,

INTRODUCTION

Mm:y of the radars ussociated with missile defense are "hardened" to withstand
nuclear weapon envh‘*omuonw. FPor a nuclear weapon explosion elassified as a surfaee
burst, large amounts of soll and rock debris are carvied up from the carth's surface
fnto a radivactive cloud | 1 ). A erater produced in dry soil at ground zero, as a ve-
sult of the explosion of u 20 megaton weapon is approximately 3000 £t (914 m) in diam-

oter and 300 it (91,4 m) deep | 2 ). The erater size will be somewhat less in sand-

stone and granite, The quantity and size of rock debris which can vain down from the

- vadfouetive cloud, ¢n a havdened radar structure in the vicinity of the explosion, can

be of major significance in the dosign of these structures,
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During the past decade a new member has been added to the radar family, the
phased-array radar, This radar differs from the conventional rotating parabolic dish
antenna, in that it is electronically steerable, and does not require moving parts,
Phased-array radars are characterized by large numbers of antenna elements mounted
to the front face of a flat support structure,

Only a limited amount of debris impact work has been performed during the past
several years. The majority of the work has been in the area of failure of antenna
element ceramic windows, Presently there is an interest not only in individual anten-
na elements, but in the response of the array face structure to rock debris impact,
Satisfactory radar performance requires that one be concerned with array face vibra-
tion, localized indentation, embedding of rock in the array face and total penetration
of the structure,

Experimental investigations were performed to study the impact of rock pro-
jootiles on a simply supported beam, Projectiles used in the study included sedimen-
tary and igncous rock materials having both regular and irregular shapes, Projectiles
had a range of impact velocity sufficiontly high to cause severe fracturing to the sedi-
mentary rock group, Projoctile initiad kinctie enorgies were limited, so that the beam
would only experience localized pormmmnt deformation in the i‘orm of an indentation at

. tho point of impact,

High speed film and beam strain gage data provided the crucial measurements

 necessary to the understanding of this complex impuact problem, This data contributed

significantly to the development of analytical models, for fiepact of fracturing xmd
nmlfracmring, rock with a simply supported beam,

ROCK MATERIALS TESTED

_ The matorials selectod for the impact study {ncluded both sedimentary and {g-
ncous rocks. Two types of fine gralncd sandstone, and a high strength gabbro, were
used for the projectiles, Indiana sandstone which is classified as ~1 weak rock {3 in

- that it has a unfaxial compressive strength less than 10, 000 lb/in“‘ (70,3 Wby, -

was sclected for two reasons, First, it is desivable to include rocks in the study
which would experience severe fracluring without inducing plastic deformation of the
beam, othor than local deformation at the point of contaot, Sccondly, this sundstone

290




o
®
&
Vz
B
A

;
A‘.
&
.

exhibited good machining qualities which facilitated the grinding of a number of sam-
ples into a grouping having the same shape and mass, This made it possible to con-
duct a series of confrolled impact tests where velocity was the only variable,

Indiana sandstone which can be classified as fine grained, quite porous, and not
well cemented sandstone bonded with a silica cementing agent, This sandstone is
reddish-brown in color, The higher strength sandstone is also a fine grained sub-
stance, composed almost entirely of pure quartz, This sandstone is light tan in color,
This material is fairly porous, However, it is not as porous as the Indiana sandstone,
‘The quartz grains are also bonded together with a silica cement.

Gabbro is a coarse-grained igneous rock, which is greenish-black in color,
This gabbroic material is primarily feldspar and does not contain quartz, Granite is
quite similar to gabbro in that it is a coarse-grained igneous rock. However, it con-
tains a minimum of 5% quartz in addition to feldspar (4],

Hardness tests were made on all rock materials using the Rockwell Superficial
Hardness Tester, The light areas on a polished surface of the gabbro had a hardness
of 96, while the dark areas measured 92, The hardness of the high strength sandstone
wag found to be 77. It was not possible to obtain a hardness for the Indiana sandstone
because the surface would tend to crumble upon application of the load,

Uniaxial compression tests are frequently used to evaluate rook strength 5],
The standard test uses regular shaped spocimens, such as cubes, prisms or cylinders,
The 1,0 in, (2,54 ¢m) Sandstone samples were prepared in the shape of a cube in ae-
cordance with the procedure of reference {6]. The sandstone speeimens upon being

E subjected to a compressive load were observed to experience axial splitting, The

mechanical properties obtained from these tosts avo given in Table 1,
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Table 1., Mechanical Properties of Sandstone

Sandstone Compressive Strength Modulus of Elacticity
Type (b/in. %) MPa (Ib/in. %) MPa
Indiana 4000 28 0.58 x 10° 4080
High Strength 11400 80 1.03 x 109 7240

PREPARATION AND CLASSIFICATION OF PROJECTILES

In order to have each projectile consistently impact the beam within 0, 250 in,
(0. 64 cm) of the center position at a desired velocity, it was necessary that it have an
almost perfect fit with the 1,0 in, (2,54 cm) inside diameter gun barrel, The normal
polyethylene sabot, used for a housing on symmetrical bodies such as cylinders and
spheres, could not conveniently be used in this instance, The only feasible way to
control rock projectile trajectory, motion and veloeity was to encapsulate the projec-
tile in a material having a eylindrical base as shown in Figure 1, Plaster of Paris

was found to be most suitable for this application, This potting material is easily

prepared, adheres quite woll to rook specimens, conforms well with a eylindrical
mold, -and provides for minimum friction with the gun barrel,

Figure 1. Projectiles Encapsulated in Pluster of Paris
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A rock projectile classification has been developed which characterizes irregular
1,0 in, (2.54 cm) rock with regard to shape, This classification is illustrated in Fig-
ure 2, The ideal boundary shown in this figure is an outline of the desired projectile
profiles, A tolerance zone has been applied to the surface to allow for natural surface
irregularity and roughness, which is indeed characteristic of rock,
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Figuro 2, Roek Projectile Classification

IMPACT TEST APPARATUS

Rock pmjecﬁles are fired against a stmply sum)orwd beam using the afy gun
apparatus shown in Figure 3, The afr gun {8 energized by u 3«in, diameter pressure

- chamber supplied with air through a fitting at the right and an cleotrically operated

solenoid valve at the other end, This valve separates the pressure vessel from the
25-in, (63.5 em) gun barvel which has a 1,0 in, (2,54 cm) inside diamcter, The
switch controlling power to the solenold valve is mounted at the left end of the appara-
tus, The simply supported 606176 alunminam béam which measures 0,125 in, x 1,00 '
in, x 18,00 in, (0.32 om x 2,54 cm x 45,7 cm), i8 supported with 0, 015-in, (0.038-cm)
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thick stainless steel colvmn supports, 'This type of support was used by Goldsmith | 7)

because the connection approaches that of an ideal simple support,

The horizontal beam projects through both sides of &t protective plexiglass housing,
This housing serves a number of functions in addition to the most important one being
operator proteciion, Tt provides a means of capturing all matevial which may break
away from the projectile should severe fracturing occur, In addition, it provides ;
support for two photocells which ure used to measure projectile velocity just prior to

impact,

S

‘f Figure 3, Apparatus Used to tavestigate tnuapet Behavior of

i © Roek Debris with o Simply Supported Beam

4 . Figure 4 shows evoss wires contweted to terminals positioned above and below

one of the photoeells,  The lower wire Jociute * In the projectile path makes contaet with
. E J

the wpper wive and triggers the sweep of the oseilloscope, These wirves are ostremely

Hpght and have 2 wegligible offect on projoctile trajpetory and veloesty, '

i order W proteet the eeier of the beam in the contact region, 0, 5040, & 1,0

B N L0, (L 88 em 8 2,54 cin s 250 con) BUGLTE alwmiivn contiet plates were used,

g ¥

=+

“These plates are securely Gstencd 1o the beam with four 6-32 flathead gerows,  Alter
cach test, one stmply replaces the indented contaet plate,  This avoids the weed for Hw

the complote replacement of i beum instrumented with gtrain ggtes,
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Figure 4, Impact Test Avea

©IMPACT TEST METHOD
‘The camora used for the impact studies was 4 16-mm Fastax, Type WF3 (see
Figure 5). This eamera has a maximum speed of 8000 frames/s upon application of -
(280 V. A control unit is normally used for filintng at specds greator than 4000
frames/s. This equipment coutains a time delay cirveuit which permits the camera to
~aceelerate at low voltage before applieation of the high voltage mquﬁ'ed’w attain a
‘desired speed (8], - The timiig circuits of this control unit were particularly valuable "
in that, one timer contvolled power to the cameras while the other regulated power to
~the event, the event being fiving of the air gun, By setting a suitable time delay be--
tween timers, it was possible to schieve desired film speed before Tiving the gun,
The majority of the high spred films were taken at just under 6900 frames/s.
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Figure 5, High Speed Camera and Associated High Intensity Lamps

N A schematic representation of the impact test apparatus and associated instru-
mentation is given in Figure 6, A storage oscilloscope was used to recoxd one channel
of strain gage data and two channels of photocell data, The oscilloscope was triggered
by feeding an 18~V do signal to the "EXTERNAL TRIGGER IN" connector on the oscil-
loscope. This trigger was initiated when the projectile caused the cross wire within
the test area enclosure to make contact, Strain gage data was also obtained using an
oscillograph recorder, This equipment was used to record long-time heam exposure,
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Figure 6, Impact Test Apparatus and Instrumentation

RESULTS OF IMPACT EXPERIMENTS

The experimental studies provided the crucial measurements necessary to the
understanding of the rock-beam process, The high speed films were truly invaluable
to the understanding of this complex phenomenon, The high-speed film quality was
goad and it facilitated plotting beam center displacement as a function of time, It was
possible to plot 82 frames of beam displacement for one cycle of first-mode beam
vibration, For projectiles which did not fracture upon impact, it was possible tc
track their motion, detect multiple impact and determine time of occurrence and dura-
tion of the primary and secondary impacts, I'or projectiles which fractured it was
possible to measure projectile shortening on a frame-by=-frame basis, as material
spalled away from its contaocting surface, The dynamic strain gage data revealed that
each rock projectile of a given material oxhibits its own unique characteristic shape or

mechanioal signature,

IMPACT BEHAVIOR OF INDIANA SANDSTONE

Figure 7 shows five 16-mm frames of the impact process for projectile 11, 8,
Tor this test tho film speed was 5760 frames/s, IFrame 1 shows the projectile ap-
proaching the beam at a velooity of 1330 in, /s (33,8 m/s), Frame 2 shows the pro-
jectile making initial contaot with the boam impact plate. ¥rames 3 through 5 are the
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frames of major contact force between the fracturing projectile and the beam. A
measurement of projectile shortening, as a result of loss of material at the contact
point, shows the following: frame 3 [0, 18 in, (0,46 c¢cm)], frame 4 [0,12 in, (0,30
cm)], and frame 5 [0,06 in, (0.15 cm)]}. This film indicates the contact time for
sample 11, S, is approximately 0, 50 ms, This time coupled with negligible contact
plate surface damage would indicate that the impulse has a peak contact force of rela-
tively small magnitude and long time duration,

A plot of beam displacement at the contact point vs frame number or time is
given in Figure 8, Frames §, 14, and 22 iu this figure show the first few peak values
of third mode vibration, The period associated with the 3rd mode contribution to the
total vibration is 1,58 ms, Data points between frames 28 and 33 are missing due to
the masking of debris passing over the beam, It should also be noted that a second
impact took place at frame 45,

0.500 p~
0.4375 =
0.375
0,312
0,250
0,1875
0,125

0.0625
OQG

DISPLACEMENT (in.)

13,62 TIME (ms)

1]

"'0; 3‘25
'00 375

Figure 8, Beam Response to Impact with Indiana Sandstone Projoctile (11.S.)

The Indiana sandstone has a fracturing bohavior quite different from that of the
higher strength sandstones, At velocities as high as 1100 to 1200 in, /s (27.9 to 30,5
m/s) the projectile experiences spalling completely around the area of contact, This
spalling or flaking away at the surface can be scen in Figure 9 for teat samples 8 L S,
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; and 10 I. S, It should be noted that these projectiles have been ground to a regular
ovigal shape. In addition to the larger flakes. of sandstone one can observe a consider-
; able amount of pulverized material, Both contact plates show small amounts of em-

o bedded material, This material can easily be wiped away by lightly rubbing the surface,

; 1015,

Figure 9, Indiana Sandstone Projectiles Showing Surface
Spalling and Pulverized Material

IMPACT BEHAVIOR OI' FINE GRAINED, HIGH STRENGTH SANDSTONE

The harder sandstones exhibit a rather interesting behavior upon impact with an
aluminum beam. This type of sandstone leaves a permanent indentation in the contaot
plate. In addition, a coniocal shaped mound of the rock matorial remains permancntly
embedded in the plate. Figure 10 shows rock specimens for 5S and 68 along with the
respective contact plates, Sample 5S exhibits the characteristic fracture that occurs
for projectile velocities above 1000 in, /s (26,4 m/s). One can see the conical shaped
cavity both radially and longitudinally through the sample, IMigure 10 shows a side view
of the contact plate with the embedded conical rock, This contact plate was potted in a
hysol opoxy and sectioned, Iigure 11 is a 50X photomicrograph that shows a partial
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IMPACT BEHAVIOR OF GABBRO

Representative indentations which resulted from the impact of gabbro projectiles
with the aluminum beam are shown in Figure 12, The contact plate indentation caused
by sample 2G is elliptically shaped and measures 0,18 in, x 0,12 in, (0,46 cm x 0, 30
cm) while that associated with 3G is D-shaped, measuring 0, 18 in, x 0,15 in, (0,46
cm x 0,38 cm), The maximum crater depths are 0,013 in, (0. 033 ¢m) and 0, 016 in,

(0. 041 cm) respectively for 2G and 3G, The indented surface which resulted from 3G
clearly shows a replica of the undulations of the contact surface of the projectile.

Figure 12, Intact Gabbro Projectiles and Indented Contact Plate | Projectile
Velocities for 2G and 8G are 868 in, /s (22,0 m/s) and 970 in, /s
(24.6 m/s))

Both projectilos expericenced a secondary impact upon rebound of the beam, ‘This
secondary impact reduces the maximum negative displacement of the beam which oc-
ocurs at frame number 60 in Figures 13 and 14, Both curves shown significant 3rd
mode contribution to the total displacement as well as evidence of 5th mode participa~
tion,

30l




L R N D R SO CR e Aty TR TR TR ARG U TR e AN T G T R

0.3125
o.zso[
- & oasf
b e =
b g -
3 = 40
W 0.0 T ¥ ¥ L -
4 Q o 10 20 30 80 FRAMES
: o -0,0625}-
5. a,
N [4) - . 4 ge
- 8 -0F L 3 6.69 192 Toge ma)
2 e
i b 0,250
t
j“ -0,3125L
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Figure 14, Beam Response to Impact with Gabbro Projectile 3G

COMPARISON OF ROCK-BEAM IMPACT BEHAVIOR

In addition to the extremely valuable 16-mm high speed film data, strain gage
data was obtained for each impact experiment, Strain data at the center of the beam is
equally as important, since it provides additional information that cannot be deduced

from the film data,

After collecoting strain data for each material treated in this investigation it be-
came apparent that each material exhibited its own characteristic dynamic strain re-
<r~use, or mechanical signature, A comparison of beam strain response, to each
{ '+ of rock material tested, {s presented in Figure 156. The strain response to Indiana
sandstone projectile 11, S, is given for approximately 7,0 ms, which is ono-half the
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section of the permanently deformed surface, The local variations along the profile

are due to the deeper penetration of the hard silica grains of the sandstone. Figure 10

also shows a mound of embedded sandstone for 6S. The outline with the plate surface . ;5(‘
in this case is triangular,
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fundamental period of the beam, The periods associated with the 1st, 3rd, 5th and
7th normal modes of vibration of the beam are 14,2, 1,58, 0,56 and 0, 289 ms respec-
tively. The first few milliseconds for each response is the zero-strain reference,
which commences when the cross wires in the path of the projectile touch, thus trig-
gering the time sweep of the oscilloscope. The strain record for 1I. S, indicates a
rather -slow increase in strain during the first 0,4 ms following contact, This be-
havior is characteristic of all Indiana sandstone projectiles tested, It is the result of
an impulse upon impact, which has a small peak contact force and a long~time duration
of loading, The response primarily exhibits 1st and 3rd mode participation, Modal
participation can be deduced from the strain time response by observing the time in-
terval between major peak values,

The strain response due to impact with gabbro projectile 1G has an entirely
different behavior, Within 0,100 ms following contact, the strain at the center of the
beam is over 1500 microstrains. In the first millisecond one can observe significant
5th mode participation as well as some evidence of 7th mode, This response, with
considerable high frequency content, is due to an impulse with a large peak force hav-
ing a short time of contact, The maximum strain for 1I, S, is 2000 microstrains, com=-
pared with 1700 microstrains for 1G, However, note that the initial kinetic energy of
the projectile for 1I, S. was almost 3 times that of 1G,

Figure 15 also gives strain response of the beam upon impact with sandstone
projectile 4S8, This material exhibits.an early time behavior similar to the gabbro,
After an initial period of 0,60 ms, the strain behavior appears quite similar to that of
the Indiana sandstone, Although this material is not as hard or strong as the gabbro,
it has a compressive strength of threce times that of the Indiana sandstone, It should
therefore be able to develop a fairly high contact force upon impact before fracturing,
Secondary impacts occur once fracturing begins, Significant pulverization takes place
along the circumferential edges surrounding the embedded mound of sand, These
secondary impulses tend to be of longer time duration with a significantly reduced
magnitude,
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ANALYTICAL MODEL

A method was developed for predicting the dynamic response of the projectile -
beam system, The problem was divided into three areas: (1) Prediction of beam mo-
tion, (2) Prediction of projectile motion, and (3) Prediction of force interaction between
the beam and the projectile including effects of localized plastic deformation of the

beam and projectile, and fracture of the projectile,

The motion of the beam can be conveniently studied using the normal mode method
[91. For the cuse of the simply supported beam which was studied, the characteristic
mode shapes are given by

¢,(x) = sin 3}1 1)

where { represents the length of the beam andn =1, 2, .,., ©, For this analysis the
mass of the contact plate was neglected, being less than 3 percent of the total mass of
the beam, The undamped natural frequencies are given by

n2 n?

2 e El
“n T ;2 m (2)

where I is the flexural rigidity and m is the mass per unit length, The total deflection
of the beam can be written as

0
YN = A6 ) ®)

n=1

where An(t) is the modal amplitude which is obtained by solving the differential equation

(1] . 2 . I) (t) (4)
Anm * 2;3An(t) Y Anm ..
Mn
where the gonexralized mass
1
St b () die
Mn & / m(x) ¢n (N) dx. (D)
.0
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and the generalized force
2

Pt = / P, £) & (X) dx )
0

and p(x, t) is the load per unit length acting on the beam, Also, 8 = ¢/2m where ¢ is
the beam damping per unit length,

The interaction force between the projectile «und the beam was estimated from
static load-deflection considerations. In the case of a strong material which does not
fracture, the interaction force depends on the elastic deformation of the beam and pro-
jectile and on the localized plastic deformation in the vicinity of the impact point,

A number of force deformation laws have been developed to desoribe the static
deflection of two bodies having regular shapes (spheres, cylinders, plane surfaces).
The Hertz Law of Contact [ 10} , was one of the first relationships developed to
acoount for local indentations botween two contacting elastic bodies, This law is

given by

3/2
" = O
F 1\2 M

If one considers the compression of a sphere against a flat plate for example, the
constant (kz) is a function of the radius of the sphere and the material properties of
both bodies, The (a) torm is defined as the appronoh and reprosents the maximum
relative compression of the two bodies,

Other laws have been developed to account for plastic contact indentation, One
such law is the Meyers Law [ 10] glven by the emperical equation
r = NA" o S (8)

where (A) is tho radius of the permanont crater, For the case of o sphore contacting
a plane surface, constants (X) and (n) are a function of material propertios of the
bodics and the radius of tho sphero. For metallic matorials n has boon found to vnry
betweon 2, 0 and 2, 5, o ‘
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In any particular case, the appropriate form of the relationship can be deter-
mined by a static compression test. An example of the form of this relation which
was used in this study for nonfracturing impact cases, such as those involving gabbro
or glass, is shown in Figure 16,
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Figure 16, Contact Spring Force Deflection During Loading and
Unloading Phase for Computer Modol Initial Impact -

In those cases involving projectile fracture, a similar prbwdure can be followed,
If an analytical procedure is desired, calculations involving fracture initiation, eruck

propagation and erack arrest can lead to the development of the appropriate foree in~
teraction relation, In the present study, this velation was determined by statie com-

pression testing, ‘The type of velation which was used is illustrated by Figure 17 which -

depicts the essence of the results of thu static test for Indiann sandstone, 1n addition
to determining the nature of the force interaction, information must :lso be obtained
concerning the reduction in mass of the projectile which is assoeinted with the fracture
process, ' B o ' '
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Figure 17, Simplified Resistance Function for Indiana Sandstone Projectile

The analytical computations were rarried using the component-element method
111 ). The component-clement method computer medel is illustrated in Pigure 18,
The various elements used to deseribe the beam response are obtained from the ap-

'-proprizlte values of Mn' w.o and g, One dogree-of-freedom is assigned to the motion

[
~of the projectile, The inu;:'netlon foree is modeled - using the stop-eclements depicted
in the figure as a nontinear contaot spring. The entire behavior of the s,\*stem-chn be
‘predieted if care is taken to break up the analysis to necount for diffevent louding and
unloading relations, reduction in mass of the fracturing projectile, rebounding, mul-
- tiple impacts, ete,- A complem diseussion of tlw mmlyncnl model und results is- g.iven _

: in ref@rencé [1‘3)

‘The degree of success whieh is achieved in predieting the behavior of the system
is illustr:ited in Figures 19 and 20 which show the exp@rimeumi and predieted strain
response for o nonfracturing and fracturing impaet situation, - The precedure appeirs
to be eapuble of deseribing rnther complea bda.wior wm. 0 @omp.a atively simple
. eonmm.momil methodolq.y. '
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The analytical results also provided information regarding energy distribution
upon {mpact, Ior Indiana sandstone, 70% of its energy goes into the fracturing process
while only 22% is absorbed by tho beam in the form of vibrational energy, The beam
indentation is superficial and accounts for only a few porcont of the system energy.

The higher strength sandstone, having o compressive strength of 11400 lb/in, 3
(80, 1 MPa) produces & significant indentation, in addition to leaving a confeai

“mound of me*erial embedded in the beam, For tho igneous rock, approximately
36% of its enorgy goes into producing permanent localized indentations, for
projectilo volooities in the rangoe of 800 to 1000 in. /s (20, 3 to 25,4 m/s),
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SUMMARY

Beam strain response is strongly influenced by projectile strength and hardness,
Projectile shape appears to have only minor effect on the beam vibration and its as-
sociated mechanical signature, Regardless of projectile shape in a given material
type, the mechanical signatures are similar over a range of velocity, The mechanical
signatures are for the most part a function of the time duration of contact between the
projectile and the beam, The major difference is that strain amplitudes naturally will
increase with increased projectile velocity. It has been observed that the blunt shaped

projectiles of a given inass in Indiana sandstone require greater velocity to fracture

than those of equivalent mass having a pointed shape. In any event, regardless of
whether or not the projectile completely fractures or remains intact following some
material loss, the mechanical signatures of Indiana sandstore are quite similar,

A viable procedure has been developed for predicting dynamic response, impulse
and localized permanent deformation of a beam upon impact with both fracturing and
nonfracturing rock projectiles, Experimental and analytical results from computer
models were compared and found to be in fairly good agreement.
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DEFORMATION OF MAR-M200 (A NICKEL BASE SUPERALLOY)
UNDER SHOCK LOADING TO 8.5 GPa AT ROOM TEMPERATURE

DATTATRAYA P. DANDEKAR
ANTHONY G. MARTIN
JOHN V. KELLEY
Army Materials and Mechanics Research Center
Watertown, Massachusetts 02172

ABSTRACT

In this work we present the results of shock loading experiments on MAR-
M200. MAR-M200 is a vacuum induction melted and vacuum cast nickel base pre-
cipitation hardening alloy. It's ambient density is 0.310 1lb/cu.in, (8.59
Mg/m3). The values of Young's and Shear moduli, and Poisson's ratio are deter-
mined to be 27,7 MSi (191 GPa), 10.4 MSi (72 GPa), and 1/3, respectively., The
results of shock loading experiments show that: (a) MAR-M200 deforms in a
linear elastic manner to a maximum stress of 0.42 MSi (2.87 GPa) at zero depth,
(b) the elastic deformation of MAR-M200 is, however, limited to a stress of
0.13 MSi (0.92 GPa) at a depth of 0,301 in (7.8mm), (c) the deformation of
MAR-M200 above the appropriate elastic stress limit does not appear to be like
that of an elastic-plastic solid under shock compression, and (d) the spall
threshold of MAR-M200 lies between 0.551 and 0,653 MSi (3.8 and 4,5 GPa).

INTRODUCTION

MAR-M200 is a vacuum induction melted and vacuum cast nickel base pre-
cipitation hardening alloy. It contains relatively large amounts (12.8% by
weight) of tungsten for solid solution strengthening (Table I) and carbide
formation, Cobalt is added to increase the solubility temperature, i.e., the
solvus temperature of the gamma prime hardening phase, a primary precipitate
phase of MAR-M200, This alloy was developed to retain useful strength to
1899 F (1310 K), mainly as a cast turbines and vanes in gas turbine applica-
tions, Recently, there has been some interest in determining the response of
this material when subjected to both high pressures and elevated temperatures. !
The above interest is generated primarily because of the low thermal expansion '
coefficient, high thermal conductivity, high elastic modulus, and moderate '
density of MAR-M200. There exists a fairly good amount of data pertaining to
variation in its physical and metallurgical properties at elevated temperatures
at one atmospheric pressure because of its earlier applications in gas turbines,
aircraft engine blades, etc, The information with regard to variation in these
properties of MAR-M200 at high pressures, however, has not been collected.

The present investigation was undertaken to initiate the process of offsetting
the said lack of information on MAR-M200. The present work reports the observed
response of MAR-M200 to shock loading at room temperature 72 & 8 F (295 * 5 K),
The maximum stress that MAR-M200 was subjected to in the present investigation
was around 1,3 x 108 psi (9.0 GPa). The observed response comprises of Hugoniot
of MAR-M200, the nature of deformation, stress wave profile, and spall thres-
hold in MAR-M200,
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TABLE I COMPOSITION OF MAR-M200

Weight Weight Weight

Element Percent Element Percent Element Percent
Al 5,11 Cr 8.82 Ti 2,19
B 0,02 Cu 0.10 W 12.85

C 0.14 Fe 0.20 VA 0.05
Cb 0,97 Mn 0.02 S 0.01
Co 10,18 Si 0.10 Ni Balance

~59,2

Figure 1. A Photomicrograph of As-Received MAR-M200
Showing the Hetorogeneity of the Grain Sizo
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in Table I,

cubic austenite (y) matrlx.

DESCRIPTION OF MAR-M200

up the gamma prime (y!) precipitate Ni,

carbides of the type M,,C; and MgC.

The composition of MAR-M200 used in the present investigation is given
The presence of the various elements are carefully controlled to
provide desirable mechanical property in the range of serviceable temperature,
Briefly, nickel, cobalt, tungsten, chromium, and iron make up the face centered-
The elements aluminum, titanium and niobium, make
(A1, Ti, Cb) Boron, carbon, and
zirconium are the elements which segregate to grain boundarles and are mostly
The principal thing to note is that desir-

able high temperature properties of a nickel alloy stems from coherent pre-

cipitation of y! phase with austenite,
composition and their effect on physical metallurgy and mechanical properties

will be found in [1].

0,310 *

A detailed discussion of nickel alloy

The as-cast MAR-M200 used in the present 1nvest1gat10n has a density of

0,001 1b/cu.in. (8,59 % 0,04 Mg/m3),
geneous with respect to the grain size as shown in Figure 1,
of MAR-M200 pervades through the bulk of the material,
been difficult to measure velocities of elastic waves in MAR-M200 by means of
ultrasonic techniques with a very high precision,
inal and shear elastic wave velocities in MAR-M200 determined by an ultrasonic
method, due to Martin [2], were found to be 19,07 £

The material is extremely inhomo-
This inhomogeneity
As a consequence it has

The magnitudes of longitud-

0.3 kft/s (5.78 = 0,09

km/s), and 9.54 * 0,1 kft/s (2,89 * 0,04 km/s), respectively, These coupled
with the density of MAR-M200 yield a value of 27.7 £ 0,1 MSi (191 t 10 GPa)

for its Young's modulus,
in Ref. [3] is 31,5 MSi (217 GPa).

The reported value of Young's modulus for MAR-M200
It is not possible to comment on the dif-

ference between these two estimates of the Young's modulus of MAR-M200 at
least partly because the precision of the magnitude 31,5 x 10% psi (217 GPa)

is not reported in Ref, 3,

Since the ratio of the longitudinal and shear wave

velocities is 2, it implies that Poisson's ratio of MAR-M200 is 1/3 and the

values of Young's and bulk moduli are-the same.

X 0,4cm) in dimensions,

Mar-M200 was cast by Hitchner Manufacturing Co., Milford, NH, in the
form of rectangular plates roughly 11,8 in, x 5.9 in, x 0,16 in, (30cm x 15cm
The specimens of MAR-M200 fabricated from these plates

were square disks with 1,2 in, (3cm) sides and thickness between 0,079 in,

(0,2cm) and 0,157 in. (0.04 cm).
in, (5um) and the op
other within 2 x 10°

EO

SHOCK EXPERIMENTS

The specimens were lapped flat to 2 x 10™%
sing faces of the disks were mutually parallel to each
over the entire faces,

The shock loading experiments were performed on the 4-inch (10.2cm) dia-
meter, 28 ft (8.5m) long light gas gun at AMMRC.

The doscription of the gun

and associated recording instruments to determine the response of a material

to shock loading are given in Ref, 4,

The shock loading response of MAR-M200

was determined by performing six direct impact and two transmission experi-

ments,
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In a direct impact experiment, a specimen of MAR-M200 mounted on a pro-
jectile impacted either an x-cut quartz gauge or a thin buffer-quartz gauge
composite in a target. The buffer used was either a tungsten carbide or a
sapphire or a lucalox disc, These buffer materials deform in an almost linear
elastic manner to 1,45 MSi (10 GPa) under shock loading, In either type of
direct impact experiment, stress (o) and particle velocity (u) at the impact
surface are obtained from the response of an x-cut quartz gauge and from a
knowledge of the Hugoniot of the buffer (in the present case the buffer are
linearly elastic), and impact velocity of the projectile, For the range of
stress, i.e., a maximum of 1,3 MSi (9.0 GPa) in which these experiments were
performed both sapphire and tungsten carbide are very nearly linearly elastic
under shock compression and release [5,6]. The final stress in quartz never
exceeded 0.6 MSi (4,0 GPa) limit of the gauge operation [7]. The data obtained
from the direct impact experiments provided information about the initial shock
compression states of MAR-M200 and subsequent release states attained in it
when the buffers used were thin disks, The method of extracting these infor-
mation and a detailed description of these experiments are given in Refs, 8,

9, and 10,

In a transmission experiment, a projectile containing a material whose
shock response is known impacted a disk of MAR-M200 behind which an x-cut
quartz gauge was bonded, The x-cut quartz gauge provided the stress-time pro-
file which in turn yielded the information about the manner in which shocked
states or shock induced deformations were brought about in MAR-M200 of a given
thickness, This type of experiment has been routinely performed since the
inception of shock wave experiments to determine equation of state of a mater-
ial and a description of this type of experiment may be found in Ref, 8,

In the present series of experiments the physical entities measured wore
impact velocity, stress-time profile at the impact surface or the propagated
impact stress-time profile at a finite thickness of MAR-M200 and shock wave
velocity through MAR-M200 in transmission experiments, X-cut quartz gauges with
1 in. (25,4mm) diameter and 0,126 in, (3.2mm) thickness were used to obtain
stress profiles, These gauges were used in shunted mode except in those direct
impact experiments where cither sapphire or lucalox disks were used as buffer,
In these experiments the gauges were used in shorted mode with the ratio of
guard ring width and thickness of the gauge exceeding a value of 3, This
enabled us to uso the calibration coefficient of Graham in reducing the quartz
gauge records [7].

The maximum uncertaintios in the experimentally detormined values of
impact velocity, stress, particle velocity, and shock velocity are 0.5, 3, 3,
and 4%, respectively, The tilt botween the impacting surfaces was less than
0.5 mrﬂdo .

RESULTS OF SHOCK LEXPERIMENTS

The results of shock experiments are summarized in Tables Il and 111,
and these rosults are plotted in stress (o) and particle velocity (u) plane in
Figure 2. The rosults are given in SI units, However, whorever possible,
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graphical representation of the results are given in both SI and English units,
A conversion table for the computation of various entities from SI to English
units are given in Appendix A,

A. Compression States

The results of six direct impact experiments on MAR-M200 are summarized
in Table TI. These results show that the response of MAR-M200 when shocked
below around 0,435 MSi (3.0 GPa) appears to be clastic and its response above
this stress is non-elastic. The rosponse of MAR-M200 below 0,435 MSi (3.0 GPa)
is termed elastic bocause (o,u) coordinates of experiments 1 and. 14 lie on a
straight line given by an equation

0 =49, 8 u o < 2.87 GPa (1)
Where 49.8 Gg m™2s”! is tho longitudinal elastic impodance of MAR-M200 derived

from the product of measured longitudinal sound specd of 19.07 kft/s (5.8 km/s)
and its density 0,310 1b/in.3 (8.59 Mg/m3) given earlier in the section
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"Description of MAR-M200".

The locus of the compressed state, i.e., (o,u) coordinates of the remain-
ing four experiments may be represented by the following equation (2)

o = 0.6581 + 38,37 u, 2,87 < ¢ < 8,56 GPa (2)

The above equation is the least squared fit to the four points. The standard
error of the estimate of stress (o) is * 0.1 GPa.

The intersection of equations (1) and (2) is taken to be the limit of
linear elastic behavior of MAR-M200 under shock loading, i.e., Hugoniot Elastic
Limit (HEL) of MAR-M200. The value of HEL, i.e., o, = 0.416 MSi (2.87 GPa)
and the value of associated particle velocity (u) is 189 ft/s (0.0576 km/s).
The density of MAR-M200 at the HEL is 0,313 1b/cu in, (8.7 Mg/m3).

B, Release State

The release behavior of MAR-M200 from its compressed states were obtained
in three experiments (Table II), The buffers in these experiments were disks
of sapphire, or lucalox or tungsten carbide. The results of these experiments
indicate that the stress in MAR-M200 is released elastically from its various
compressed states. The values of release impedances calculated from the (o,u)
coordinates of the compressed and end release states vary between 10.4 and
11.5 Mlb ft-2s-! (51 and 56 Gg m~2s-1), Since the values of impedances are
uncertain to * 6%, the initial release impedance of MAR-M200 can be represented
by thg ayerage of these impedances; i.e., 10.8 + 0.6 Mlb ft-2s=} (53 & 3
Gg m~<s~*). ’

C. Transmitted Stress Wave Profile :

Two exporiments were done on specimens of thicknesses 0,156 in. (3.96mn)
and 0,307 in, (7.8imm) to induce a peak stross in the ncighborhood of 0.87 MSi
(6 GPa). The thickor specimen was actually two disks of MAR-M200 bonded to-
gether by means of epoxy, because of the limited thickness of the MAR-M200
plates supplied. The purposc of these experiments in addition to determining
the transmitted stress wave profile in MAR-M200 was to induce a tension in the
neighborhood of 0,435 MSi (3 GPa) and see if it has been spalled,

The quantitative results derived from the observed wave profiles shown
in Pigure 3 arc given in Table III, The obsorved or calculated values of ¢
and u are also plotted in Figure 2. Theso coordinates appear to be consistent -
with the (o,u) coordinates dorived from the direct impact experiments where
stross oxceeded the value of HEL, These experiments also show that the defor-
mation or loading of MAR-M200 under shock proceeds in two stages. The initial
deformation, reprosontud by the first stress jumps in the profiles, is elastic,
However, the stress limits of clastic deformation are only 0.154 MSi (1.06 GPa)
and 0.133 MSi (0,92 GPa) for the specimens with thicknesses 0,156 in. (3.96mm)
and 0,307 in. (7.81lmm), respoctively, Those values are much smaller than the
obsorved value of HEL at the impuct surface of MAR-M200, i.e., 0.416 NSi (2.87
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GPa) at zero thickness. Such a decay in elastic precursor has been also
observed in other alloys like 6061-T6 Al. In other words, the strain rate
effect of shock loading on the elastic precursor is significant in MAR-M200
and must be taken into account for wave propagation calculations and their
interactions,

The transmitted wave profile also appears to be centered, i.e., the mag-
nitude of final deformation wave velocity following the elastic precursor is
invariant with respect to the specimen thickness. The average value of the
final deformation or compression wave velocity is 14,96 kft/s (4.56 km/s), and
it is this deformation wave which subsequently takes MAR-M200 to its final com-
pressed state of 0,944 MSi (6.5 GPa) in these two experiments.

D, Spall Threshold

It was mentioned earlier that the transmitted wave experiments described
previously were designed to induce a tension of approximately 0,435 MSi (3.0
GPa) in MAR-M200., A subsequent calculation based on the rosults of these two
experiments and Hugoniots of sapphire and quartz indicated that MAR-M200 spec-
imens were subjected to a tcensile stress of magnitude 0,537 MSi (3.7 GPa),

The spall planes in the thinner and thicker specimens were estimated to be
located at 0,051 in, (1.3mi) and 0.224 in, (5.7mm) from the respective impact
surfaces of these specimens. The tension pulses were approximately of 0.Jus
durations for both specimons, Examinations of the recovered specimens of MAR-
M200 did not indicate any evidence of spall in them, Hence it was decided to
do two experiments to dotermine spall threshold in MAR-M200. The details of
these two experiments are given in Table 1V, These cxperiments were done to
induce tensile pulses of 0,653 MSi (4.5 GPa) with durations of 0,30 and 0.9us
and 0,55] MSi (3.8 GPa) with durations of 0,18 and 0.9us in two specimens of
MAR-M200 in each of the two experiments, The results of these two experimcnt%
~are shown in Figure 4, This figure indicates that for a pulse duration in the
“range of 0,18 and 0.9us, the spall threshold of MAR-MZOO lies between 0.551
and 0, 653 MSi (3.8 and 4.5 GPa),

TABLE IV DETAILS OF SPALLATION EXPERIMENTS
o - IN MAR-M200 (INPACTEE} -

Iapacter - Impactee  Tensien Pulse
B Thickness Wlocity Thickness Magnitude Duration
‘Bxperiment Material - (mm) o (kw/s) 0 (mw) | (6Fa) | (us)
20 Lucalox 2 0195 165 44 0.30
21 Sapphire S 0.195° 3.87 4.5 0.94
¥ - - Sapphire 1 0.161  1.10 - 3.8 - 0.18
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Surface
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1 | | ]

0.96 0.9 0.98 0.9 1,00
Relative Voiume (ViVo)

~y -
et

0.94 0,

© DISGUSSION

The results of the experiments on MAR-M200 which merit some discussion
are the observed low values of compressional wave vel.city following the
elastic precursor. We will elaborate the above rosults to understand the
observed response of MAK-M200 to shock loading. :

It is clear from Tuble II and III that the velocity of the slow moving
stress wave (U) which is responsible for the inclastic deformation of MAR-M200
following the elastic deformation r: ges betwoen 13,95 kft/s (4,25 km/s) and
15,09 kft/s (4/60 km/s). If the equation (2) is taken to represent the state
of MAR-M200 above the HEL, then the velocity has an invariant value of 14,7
kft/s (4.47 km/s), These values are consistently lower than the bulk sound
speed (Up) of 15,48 kft/s (4.72 km/s). The difference in the valuos of the
hulk sound and inelastic deformation velocities is small but would be of
significance if the inequality :
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U <Uy - - (3)

continues to hold for experiments where peak stress induced in MAR-M200 is
just above HEL, This inequality is one of the properties of a solid which
deforms like an elastic-isotropic solid under shock loading [S5]. The effect

of such a deformation is that when shock compression of an elastic-isotropic
solid is compared with its hydrostatic compression curve, the coordinates of
the former tend to move towards the latter with increasing value of stress,
This appears to be the case when one plots the stress-relative volume (V/y

or p,/p) for MAR-M200 obtained from the shock compression experiments and

the hydrostat1c compression curve calculated from the bulk sound speed in MAR-
M200 (Figure 5). The hydrostatic compression curve in Figure 5 is the limit

of maximum compressibility of MAR-M200 since it assumes no increase in its bulk
modulus with pressure, The above result suggests that the deformation of MAR- .

M200 appears to proceed more like an elastic-isotropic solid than an elastic-
plastic solid under shock compression., The inability of a metallic material.
to withstand a decreasing amount of shear stress at high compression is
uncommon but is not unknown. Polycrystalline tungsten shows such a behavior
[11,12]. Hewever, to put the observed behavior of MAR-M200 on a more sound
basis, more transmission experiments must be performed on it at various stress
levels, If these experiments tend to confirm the results of the present inves-
tigation, an explanatlon for the deformation behavior of MAR-M200 must be pre-:
sented or sought in terms of the deformation behavior of its constituents,

SUMMARY

The principal results of shock Lompression exporiments reported here way
be summarized as follows: -

- 1. The deformation of MAR-MZOO appears to proceed in liﬁear clastic
-manner provided stross is below 0.416 MSi (2.87 GPa).

s 2, The value of HEL is dopendent on the thickness of MAR~M200 It
~ declines from 2,87 GPa at zero depth to 0.92 GPa.at (7.81mm) of MAR-M200,

3. Tho deformation above the HEL proceeds by tho’propagation of a shock
with a volocity lower than the bulk sound speed in MAR-M200,

4. A two-wave shock structure is dcvoloped in MAR-M200 which appears to
_be conterod. :

: 5. The dcfnrmntzon of MAR-M200 under shock loading appears to be akin
“to the doformation of an elastic-isotropic solid, .

6. The spall threshold of MAR-M200 lies betweoen (3. 8 GPa). and (4. 5 GPa)
_ for u tonsion of duration botween 0,18 and 0.%us,
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APPENDIX

TABLE AT CONVERSION TABLE FOR CALCULATING THE MAGNITUDE
OF VARIOUS ENTITIES FROM SI TO BRITISH UNITS

Units Multiply SI Units by the
Following to Calculate Values
Item sI British in British Units
Length Meter (m) Feet (ft) ‘ 3.280
Weight Kilogram (kg) Pound (1b) 2,205
Velocity km/s ft/s 3.280
Density . Mg/md 1b/ind 0.03616
Stress GPa Msi 0.14504
Impedance -~ Gg m~2s~! M 1b ft-2s-1 0.2048
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ABST RACI

A preliminary study of the nature of dynamic fracture in a bi-phase
lamellar eutectic metal is made by a finite-difference computer code
simulation. Through the simulation, the mode and location of incipient
fracture are predicted, and these are compared to experimental results.
The case where an initially planar shock pulse traveling parallel to the
direction of the lamellae is considered. Incipient fracture is predicted
through the use of the cumulative damage spall model, based on a maximum
principle stress criterion for the damage threshold.

Results of the simulation show that incipient fracture occurs in the
intermetallic CoAl phase, and along the interphase boundary. Dynamic
fracture experiments with soft recovery of the lamellar cobalt-aluminum
eutectic using a bi-crystal have been performed. The experimental results
indicate that incipient dynamic fracture occurs throughout the CoAl phase
and .along the interphase boundary and at approximately the stress level
predicted. Thus good agreement between the experimental results and the
simulation was achieved.

INTRODUCTION

So1id mechanics in modern defense system design is frequently concerned
with either reducing or maintaining the integrity of structures under impact
loading. Traditional structural design analyses typically model structural

* Supported by the National Science Foundation under grants DMR-76-02367101
and DMR 78-05741,

Copyright, 1980. Columbus Division, Battelle Memorial Institute
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materials with a single phase macroscopic description. The actual micro-
structure of structural materials is usually neither homogeneous nor
single phase. More often it is multiphase in a manner simiiar to a com-
posite material where there is a matrix and reinforcing second phase, al-
though the characteristic dimensions of such microstructures are generally
quite small. Nevertheless, the microstructure of a material is known to in-
fluence its response to some loading conditions [1]. For example, it is
believed that the interphase boundary in these multiphase materials is re-
sponsible for some of the strengthening effect observed in dynamic loading
conditions. To exploit the strengthening effect, as well as other effects,
it is necessary to understand the effect of the interphase boundary during
dynamic loading and the nature of fracture in multiphase materials.

Shock induced fracture has been studied since the early 1900's, but
most of the studies have been in single phase materials or multiphase
mixtures considered to be single phase and homogeneous. Little work has
been done to predict fracture in multiphase materials where the individual
phases retain their character. Some investigators have studied various
laminated composites in different orientations to the wave front and have
found that the primary fracture mode under shock Tloading conditions was
debonding in most cases [2,3]. In these works the materials studied were
manufactured from their individual components. It is to be noted, however,
that in manufactured composites the bond is usually weaker than either of
its constituent phases; debonding is not unusual. With other multiphase
materials, this may not be the case.

One interesting class of those multiphase materials which do not
necessarily debond are the naturally occurring, "“as-formed", in situ
metallic eutectics. Compared to the relatively weak interphase bonds in
most manufactured composites, the interphase interfaces in eutectics are
known to be interfaces of "best fit" and are not necessarily weak [4].

The additional strength at the interphase boundary in the eutectics results
from a chemical equilibrium between the phases [5]. To the authors' know-
ledge there have been no dynamic fracture studies reported in the literature
on such materials where properties of constituent phases are considered
individually.

OBJECTIVE

In this work, an in situ lamellar eutectic of the cobalt-aluminum
system is considered in an analytical and experimental program to predict
and verify the mode, location, and conditions of shock-induced incipient
fracture. The objective is to further understand the role of the inter-
phase boundary in shock induced fracture of multiphase materials.

Although the cobalt-aluminum eutectic is not a common structural
material, it was chosen because of its known ability to form a symmetrical
and regular bi-phase structure. Because of the difficulties in describing
shock produced fracture in any arbitrary orientation, only one specific
case will be considered: an initially planar shock front of known pressure
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and duration is to be impinged on the lamellar eutectic such that the shock
front is propagating parallel to the Tamellae, as shown schematically in
Figure 1, with the planar wave front propagating in the x-direction.

Because of typical strain rates of 105 seconds'1 or greater and loading
and unloading time in the nanosecond-microsecond range, observing the shock
induced fracture process is difficult. This difficulty is compensated for
by analytical techniques used to simulate the wave motion from fundamental
principles through use of a digital computer and appropriate numerical tech-
niques.

The material constitutive equations are required to compute the wave
response to some loading condition. Properties for describing dynamic re-
sponse are different from those used to describe quasi-static response, the
most outstanding of these is the dynamic stress-strain relation in compression
termed a "Hugoniot". From the data obtained in shock wave experiments and
the application of the well known Rankine-Hugoniot jump conditions, the
Hugoniot stress-strain relation is defined.

To determine when fracture occurs in the lamellar eutectic, a fracture
criterion must be specified. Many dynamic fracture models have been de-
veloped and could be used, but one is needed that can accommodate only a
small amount of experimental data. In this study it is assumed that if
fracture can be predicted in a single phase with its loading history known,
then it can be predicted in a bi-phase material, if the fracture properties
of each phase, the loading history, and the appropriate interphase boundary
conditions are known. In this study four modes of fracture are possible:
inter-Tamellar fracture where internal separation crosses lamellar boundaries;
intra-lamellar fracture where fracture takes place within one of the phases;
interphase boundary fracture, where the lamellae separate along the inter-
phase boundary; or any combination of the above modes. The exact mode of
fracture is not known a priori for the case considered.

In summary, this study will be presented in the following manner.
First, the dynamic material properties will be determined for each phase
of the eutectic individually through shock wave experimentation, Second,
utilizing a Lagrangian-explicit two-dimensional finite-difference computer
code, a computer simulation of a plate-impact experiment will be undertaken.
The code is to be applied to the two-dimensional dynamic plane strain case
of a two-phase lamellar cobalt-aluminum eutectic under shock pulse loading
where the shock pulse will propagate parallel to the lamellae. Third,
through the fracture model used and the computer simulation, the location
and mode of incipient fracture will be predicted. Lastly, shock loading
experiments on the actual lamellar eutectic will be conducted and compared
to the computer simulation and predictions.




y - Lamellar

\k\\\\\ material

Plane wave
z front

Figure 1. Orientation of Lamellar Eutectic to Wave Front

PROPERTIES FOR Co-Al EUTECTIC CONSTITUENTS

The eutectic composition of the cobalt-aluminum system forms a bi-phase
lamellar structure as seen in Figure 2. The lamellar structure is produced
by directionally solidifying the proper composition through a steep tempera-
ture gradient obtained in a water-cooled chill block. The branching and
inclusion visible in Figure 2 are shown for completeness. Such defects are
somewhat common but not prevalent and are not considered in this work,
instead an ideal bi-phase lamellar geometry is assumed. The interlamellar
speacing may be varied by altering the solidification rate; typical spacings
are on the order of 10-40 um. The two constituent phases, when formed in

-the eutectic, have precise compositions and volume fractions as determined

by the phase diagram for the Co-Al system. Stout, et al. [6] have deter-
mined the invarient compositions and volume fractions in the eutectic.
Besides the composition and volume fractions in the eutectic being invariant,
the constituents exist as single crystals and the orientation relationships
between phases are well defined [7). Table 1 summarizes some of the
physical characteristics of the eutectic constituents.

Recent work at Michigan Technological University (8,9,10) has yielded
static measurements of some properties which will be used in this work,
The elastic constants of Co(A1) single crystals have been determined by an
acoustic pulse-echo-overlap technique and are given in Table 2 for the alloy
nearest the invarient composition (93.1 wt.% Co-Al). Table 3 summarizes
useful strength measurements obtained through tensile tests on the eutectic
and the Co(Al) phase.
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Figure 2, ALame]]ar Eutectic of Cobalt-Aluminum System

TABLE 1. '
Characteristics of Cobalt-Aluminum Eutectic :
Alloy Designation Cot A1) Eutectic CoAl
Composition, wt.% Co 93.1 90.5 81.9
Density kg/m3 ' 7920 6900
Volume Fraction 0.705 0,295
Growth Dirvection# <112> <10T> -
Interface Plane# (11) (101)
Crystal Structure FCC Ordered-BCC#

(8,)

# See Reference [7].
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The properties and characteristics listed in Tables 1-3 are not enough
to fully specify the materials constitutive relations for shock wave problems.
In addition, the Hugoniot, or dynamic stress-strain relation, must be speci-
fied, as well as fracture properties.

Experimental Hugoniot Data

To determine the Hugoniot properties of the Co-Al system, projectile
impact experiments were contracted to Drs., E. R. Lemar and G. E. Duvall at
Washington State University. The experiments were conducted at their gas
gun facility which is described in [11] and [12]. Six uniaxial strain ex-
periments were carried out on the Co(Al) phase and two on the CoAl phase.
Due to the difficulty in producing samples, more experiments were not con-
ducted. It was desired to conduct the experiments on single crystals of
the constituent phases so that grain boundary effects would be eliminated.
The single crystal would be oriented as it occurs in the eutectic. Although
treated as an isotropic material (an assumption in the interpretation of
the uniaxial strain experiments), this orientation reflects the generally
anisotropic nature of the material. .

For the Co(Al) phase, three 6 mm diameter specimens and three 12 mm
diameter specimens were prepared. The 6 mm diameter specimens were single
crystals obtained in an electron beam zone melting device and oriented in
the <112> direction consistent with the observed direction in the eutectic.
The Hugoniot experiments on these samples are numbered: 77-053, 77-059,
and 77-060. The 12 mm diameter specimens were not single crystals, but tri-

TABLE 2.

Elastic Constants of Co(Al) Invariant
93,1 wt.% Co-Al,

01 = 1/2 (C11 + C12 + 2C44) = 298,0 Gpa = 2.980 Mbars
Longitudinal; <110> direction.

C'=1/2 (Cll - C12) = 28,7 GPa = 0.287 Mbars
Shear; <110> direction.

044 =116.2 GPa = 1,162 Mbars
Shear; <001> direction.

012 = 153.1 GPa = 1.531 Mbars
Cll = 210.5 GPa = 2,105 Mbars

K = 1/2(2012 + 011) = 172.2 GPa = 1.722 Mbar
Bulk modulus estimate (average stress or strain model).
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Table 2 (Cont.)

L -1
- v - (31 * Cpp) . 1
- R5(Cyy = Cpl{Cyq +2Cp5) © 5Cyy

.

. © = 142.6 GPa = 1.426 Mbars

& &

Y. Young's modulus estimate (Reuss average stress model).

.4 _ (G # 20,) (G - Cp + 3G,
9 (20); * 3015+ Cyy)

-
-
|

210.5 GPa = 2,105 Mbars

E ' :g : Young's modulus estimate (Voight average strain model).

g3 4 3
By e G, = +
L R [5(C11 ey 5C44]

. = 52.3 GPa = 0.523 Mbars

E : Shear modulus estimate (Reuss average stress model).

S Vil V.
& v 5

81.2 GPa = 0.812 Mbars

i. 3 Shear modulus estimate (Voight average strain model).

TABLE 3.
Strength Properties of Co-Al Lamellar Eutectic System.

i CotAl) Eutectic* CoAl

Yield Stress, Yo 0.176 GPa 0.690 GPa
[1.758 kbars) (6.895 kbars)

. %' A Fracture Stress, F 0.896 GPa 2.069 GPa#
i (8.964 kbars]) (20.69 kbavs)

* Volume fraction CoAl = 0.29
Young's modulus E = 206.9 GPa [2.069 Mbars)

# Estimated by theory of mixtures
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erystals, all cut from the same ingot with the Targest grain about 90 percent
of the cross-sectional area. A vertical Bridgman technique was used to
directionally solidify the Co(Al1) at 25 cm/hr. The major grain was also
oriented in the <112> direction which was found to be about 5° off the growth
axis. The minor grains are assumed to be near the same orientation due to
the direction of solidification. The experiments for the 12 mm samples are
numbered: 79-018, 79-019, and 79-020.

Obtaining specimens of CoAl was more difficult than the other phase.
The vertical Bridgman method yielded the 12 mm specimens used. Although
the CoAl specimens were not single crystal, considerable effort was made
to obtain even homogeneous polycrystalline specimens without voids or quench
cracks. The resulting specimens had about five grains and were cut per-
pendicular to the growth direction. Two specimens were used in Hugoniot
experiments and numbered: 79-021 and 79-022., Each of the specimens were
solgtion;zed and properly oriented before the Hugoniot experiments were
conducted.

In the gas gun Hugoniot experiments, stress and particle velocity data
were obtained; Table 4 summarizes the data collected [12}. On shot 79-018,
the stress gage wires were damaged during the experiment and the data was
lost. The initial density of the Co(Al) phase was measured to be 8000 kg/m
and for the CoAl phase, 6914 kg/m3. ,

3

Interpretation of Data

e 7 A phiim e o g g i by & v
B - :

The data obtained in the Hugoniot experiments is interpreted by
application of the Rankine-Hugoniot jump conditions:

Po Us = p (U$ - Up) : (1)

(2)

- = -
Oxx °xxO bo Us Y,

where the Hugoniot compressive stress data collected is assumed to be -axy.
Assuming that yielding has occurred and using the von-Mises yield condition,

!

P =0y, " 2/3 Yo (3)

where Yo, is a constant and is the yield stress in simple tension. For the
Co(A1) phase, these assumptions are thought to be valid since the yield
stress and Hugoniot elastic 1imit are low compared to the levels of stress
encountered. The experimental oscillograph records of stress indicated no
elastic stress precursor wave, although it may have been present, but lower
than the resolution capabilities of the measurement system. Thus for the
Co(A1) phase, the propagating wave is aimost entirely plastic, with a very
small elastic precursor presumed to exist because of a known tensile yield
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P TABLE 4.
é;. Experimental Results of Hugoniot Experiments
.§§ <112> Stress Particle Velocity
B Shot No. Material GPa kbar km/sec
. 77-053 Co(A1) 2.05 4 20.5 0.061 A
- 77-059 Co(A1) 3.76 & 37.6 0.998 A
. 77-060 Co(A1) 2.93 4 29.3 00792
é;; . 79-018 Co(A1) - - --
VN 79-019 Co(A1) 7.36 V73.6 0.179 o
' 79-020 Co(Al) = 4.26 V42.6 0.099 o
: B 79-021 CoA1* 9.83 V98.3 0.259 o l
¢ 79-022 CoAl* 7.40 V74.0 0.179 o
¢
Ef %. s £ 3 percent, Quartz Gage
3 g V + 5 percent, Manganin Gage
3 o + 6 percent, Manganin Gage
; .3 * Directionally solidified large grained material.
3; o Stres; measured in <110> growth direction.
1 stress.
2N §3 ‘ As previously discussed, only two Hugoniot data points for the CoAl

~ phase have been obtained as of this date; however, future work is planned.
Interpretation of the currently available data is that the CoAl phase
exhibits only elastic behavior over the pressure range considered. High
shock speeds and the brittle nature of this material under quasi-static
loading tend to support this interpretation. The lack of extensive experi-
mental data required that some assumption be made; the elastic assumption
seems most reasonable. : : S :

CojAI) Phase

The elastic-plastic nature of the Co(Al) phase will be discussed first.
The shock velocity Ug is caiculated from the experimental data for -oxx N
together with the conservation of momentum equation expressed in Equation (2),

-9 S
U, = 2% : A (4)
s ol S
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From conservation of mass, Equation (1), the instantaneous density is also
calculated.
PoYs

p = . (5)
US - up

The compression n is found from the definition and Equation (5).

u
el g (6)
S p

The results of calculating pressure, shock ve]oc1ty, density, and compression
for the experimental Co(Al) data are shown in Table 5.

TABLE 5.
Reduced Hugoniot Data for Co(Al)

=Oyx p* Up Ug
Shot No. GPa - GPa km/s km/s no
77-053 2.05 1.93 0.061  4.20 0.015
77-060 293 . . 2.8 0.079 4.64 0.017
77-089 3.76 3.6 . 0.008 © 4,80 0.021
77-020 4.26 - 4.14 0,099 5.38  0.019

77019 7.3 0 0 v.24 0 0179 5.4 0.036
 *p=-axx-2/3Yo.Yo*=01766Pa. | .

. From the reduced Hugoniot data, it is necessary to get an expression
- for pressure p in terms of the compression n for the computer simulation.
A commonly used form that s compatible with the cumputer code used is

p=p(n)e An+Bn® +Cnd L S ¢ )
. A smooth curve was fitted to the experimental points from Table 5 which
is shown in Figure 3. The curve in Figure 3 was fit by a cubic equatton by -

ége least-squares method where the coefficuents from Equation 7 are, 1n :
an o . -
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Co(Al) Hugoniot

O Experimental data from Lemar
75— and Duvall, Reference 12

Pressure, p, GPa

o ! r | ]
[¢] [o]e]] 002 003 004 Q0%
Compression, n2p/p,~

Figure 3. Pressure-Comprassion Representation of
Co(A1) Hugoniot

Note that the first order coefficient A is the builk modulus. For comparison,
the bulk modulus determined by Bennett [8] was K = 172.2 GPa (= 4 percent
difference).

Next, calculation of strength related properties is required. Using
measured property values where possibie, the following relations are invoked:

Elastic Modulus, E = K + 4/3 G = 279.0 GPa (8)
Hugoniot elastic Timit, HEL = ¥ (7§ +£) « 0.3 6pa (9)
Y
Strain at elastic Hmit, n = ?‘5 = 0,0011 (10)
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It is also important to note an observation of Lemar and Duvall that
the behavior of the Co(Al) is very similar to that of copper [12]. Figure 4
shows the Co(Al) Hugoniot in the compressive stress versus particle velocity
plane including strength. Also included in Figure 4 is an accepted copper
Hugoniot given by

P (kbar) = (10) (8.93) (3.94 u + 1.489 npz) (11)

where the particle velocity up is in km/sec. For comparison, the Co(Al)
and CoAl experimental points gre also shown.

CoAl Phase

Experimentally, the material properties of the CoAl phase are more
difficult to determine than the Co(A1§ because of its high melting temperature
and extremely brittle nature in preparation and handling. Very few investi-
gators have obtained any data for this phase, in static or dynamic experiments.
Because the Hugoniot experimental data is limited to two data points, some
simplifying assumptions are required. The apparent elastic nature of the
material provides a fortunate simplification for the stresses considered.

The two Hugoniot data points were at stress levels of 7,40 GPa and 9.83 GPa,
with no observed HEL in the stress record. Since the reported average
Tongitudinal wave speed of 6.38 km/sec was relatively constant for the two
shots and no definitive HEL was observed, the CoAl phase is assumed to behave
elastically for the range of stresses encountered. For this brittle phasa,
the yield stress is the fracture stress presented in Table 3. This value is
approximate and inferred from the eutectic and Co(Al) phase by the theory of
mixtures and ocuasi-static tension tests. An elastic shear modulus G and
density oo was found to be 103.0 GPa and 6914 kg/m3, respectively. The
resulting bulk moduius K for CoAl is 144.0 GPa.

fracture Properties

To date, no separate shock-induced fracture experiments of each in-
dividual phase of the eutectic have been completed*, Therefore, the
fracture parameters presented and used in this study are necessarily
speculative. A detailed discussion of high tensile stress will be left
somewhat open-ended here, since it is expected that extensive dqmag? and
fracture will occur before the materdal will build up to very high (greater-
than-yield) tensile stresses. The need to accurately describe material
behavior after incipient fracture is beyond the scope of this study. Later,
more extensive studies will require complete fracture properties. The
fracture model used in this study predicts the onset of microfractures
(unspecified voids or cracks) through the critical damage threshold stress
vg. In reality, the occurrence of new surface formation or micro-fracturing
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Experimental data from Lemar
and Duvall, Reference 12
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Figure 4. Stress-Particle Velocity Comparison:
Co(Al) - Cu

causes stress relaxation and dissipation of the propagating energy, thus
altering the propagating disturbance. This phenomena is not accounted for

by the model used. However, in any time-dependent dynamic fracture model
there exists a threshold of damage which is determined by correlation with
microscopically observed void or crack formation. Thus it is felt that this
is reasonable for a preliminary study in incipient fracture. After incipient
fracture occurs, the material accumulates damage according to the Tuler-
Butcher [14] model

D+ (o~ oo)A at (12)

where the damage D increases by the A power for the length of time at that
the stress o is greater than og. For this two-dimensional problem, the
state of stress o is represented by the maximum principal stress, extending




the Tuler-Butcher fracture model to two dimensions. For convenience, A is
assumed equal to 2.

For the Co(Al) phase, the author is not aware of any fracture data.
The low yield stress and very plastic nature of the material would make any
prediction of fracture somewhat uncertain, particuiarly when statically
determined values ave used in the dynamic case. Since the Co(Al) phase
seems to be very similar to copper in structure (FCC), in their Hugoniots,
and in their similar ductile behavior under conventional loading, and since
dynamic fracture data is available for copper, the damage threshold stress
oo for Co(A1) is assumed to be that of copper. This value of o is reported
by Smith [15, Table 2] to be 0.95 GPa for pulse duration of 3/4 usec.

From Table 3, the fracture stress F of the CoAl phase was given as
2.069 GPa, It is assumed that this value of stress resulting in fracture
in a static tensile test (inferred from eutectic measurements) is also the
damage threshold stress og for the CoAl. Note that this assumed damage
threshold stress for CoAl is more than double that assumed for Co(Al).

Error

Because of the lack of material property data and speculative nature of
those properties used, an error analysis is not conducted. It is to be
emphasized that the results obtained using these properties are highly de-
pendent on the accuracy of the assumed values. It is believed that the
values used represent a "best fit" of all data available at this time. It
is clear, however, that more experiments are necessary. Within this frame-
work of accuracy, a simulation of dynamic fracture may now be executed.

FRACTURE SIMULATION OF EUTECTIC

With the material properties and the geometry known, the cobalt-
aluminum bi-phase eutectic under shock pulse loading can now be simulated
on the STEALTH [16] computer code. The STEALTH version used was shortened
and modified for this application. From this simulation it is desired
to predict the location of incipient fracture and estimate the mode of
fracture most 1ikely to occur under experimental conditions. The first
step in the simulation is the problem specification. Then the dynamics
are described and the simulation is carried out. Later, actual experiments
will be discussed and compared to the computaticnal predictions.

Problem Specification

The cobalt-aluminum eutectic has been described as a Tamellar bi-phase
material. The lamellar nature is not perfect, with lamellar terminations
and branching being the most common defects. On a much smaller scale, the
nearly ideal character is more apgarent as seen in Figure 2. The lamellar
nature seen in the plane of the photograph is also observed approximately
in a perpendicular section,
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For the simulation, a representative region of the eutectic is chosen;
Figure 5a shows the problem geometry. The boundary ABC is a specified
velocity boundary history representing the shock pulse input. The segments
CD and AF are boundaries of symmetry; thus the material is assumed to be
infinite and periodic in the y-direction shown. The boundary DEF is a free
surface with a vacuum outside the material boundary. The material in the
z-direction, the direction perpendicular to the x-y plane shown, is assumed
to be infinite in extent such that strain in that direction is constant.
Also, shear strains related to that direction are zero, hence the state of
two dimensional strain.

The zoning of this geometry for simulation is shown in Figure 5b using
a total of 1300 zones; 250 for the CoAl and 1050 for the Co(Al). The CoAl
phase is represented by the block of larger zones. The Co(Al) consists of
the smaller zones because the plastic behavior expected is 1ikely to produce
larger deformations. Finer zoning tends to increase accuracy by reducing
deviations from "exact" solution. The physical dimensions chosen were
scaled from an interlamellar spacing of 30 ym. The volume fraction used
is 0.30 CoAl for convenience. The length of the material was chosen to be
three times the interlamellar spacing. Although this length is quite small
compared to typical specimen lengths, it was chosen to yield approximately
sqg?re z?nes and satisfy a maximum number of grid points available in the
x-direction.

The interphase boundary is modeled as a perfect bond between the Co(Al)
and CoAl phases. This is thought to be a good assumption considering the
nature of the in situ boundary. Other models of interphase boundaries were
not available in the finite-difference STEALTH code, but their development
and use is planned for future work,

ColAl) symmetry boundary

A 4 30 |
20 i
ColAll :
Velocity Pree 10 § T
::7:,‘:” Interphose boundovy\ surfoce : , hasiithel ]
8 E 0 T f
. . . 0 30 60 9
L CoAl symmetry boundary
)
a) Problem Geometry b) Initial Grid Layout

Figure 5. Simulation of Co-Al tutectic
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The constitutive relations and the specific properties of the cobalt-
aluminum eutectic constituents were previously given. In addition, both
quadratic and linear artificial viscosity are used. The coefficient of
quadratic artificial viscosity has a value of 2 and the coefficient of linear
artificial viscosity has a value of 0.8.

Dynamic Simulation

The entire grid is assumed to be at rest initially with the transient
disturbance introduced at the left hand boundary shown in Figure 5a. The
transient disturbance is specified as a particle velocity boundary history.
The material particle velocity in the direction of propagation is specified
as a constant for some period of time representing a plate impact problem.
When the pulse has passed completely into the material, the velocity drops
off to a value to which the material has been accelerated. The particle
velocity pulse is given as 0.061 km/sec corresponding to a projectile
velocity of 0.122 km/sec with the pulse length representing a plate pro-
jectile which is approximately one-tenth the thickness of the given impacted
target. The velocity that the material has been accelerated to is 0.0015
km/sec as determined by simulations using pressure as the boundary history
specification. The stresses produced from the particle velocity input of
0.061 km/sec correspond to about 2.2 GPa in Co(A1) and about 2.7 GPa in
CoAl. Although these stresses are compressive, note that they are greater
in magnitude than the damage threshold stresses of 0.95 GPa in Co(Al) and
2.07 GPa 1in CoAl.

The simulation was started on the STEALTH code and allowed to run
until some damage had accumulated, indicating the occurrence of micro-
fracturing, or incipient fracture. The problem was run long enough for
reflection to occur from the free end and a tensile state to build up in
the eutectic. Both tabulated and plotted output was produced by the STEALTH
program and its companion GRAphic DISplay program, GRADIS.

Results and Discussion

The wave propagation was qualitatively monitored through a series of
three-dimensional isometric contour plots of the x-particle velocity in
the entire grid. Figure 6 shows a sample plot at cycle 100. The cycle
is the calculation cycle or number of time steps the grid has been entirely
recalculated. The time is in scaled units; the specific conversion does not
yield any clarity to this study and will not be discussed. The vertical
scale is determined by the maximum and minimum values of velocity at that
moment. Reflection of the wave begins later at cycle 130 when the compressive
pulse turns to tension.

Before the fracture results are presented, some general features of the
wave propagation seen in Figure 6 should be noted. The wave travels faster
in the CoAl initially as can be seen at the right-hand side of the grid
(CoAl has the larger zones). The Co(Al) is undergoing large deformations
and distorcions near the interphase boundary as may be inferred from the
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large grid distortions. The two-peak appearance of x-particle velocity plots
results from x-components in the total particle velocity vector. Intuitively,
the compressed region is further ahead in the CoAl phase than the Co(Al) phase.
The compressed CoAl tends to spread in the y-direction into the as yet un-
stressed Co(A1). Lagging behind the CoAl compressed region is the Co(A1)
compressed region, spreading into the rarefying CoAl. The result is that

the particle velocity vector has y-components not showing up in the x-particle
velocity plots. The intuition is backed up by calculated displacements

in the tabulated STEALTH outputs. The process just mentioned imparts a
rotation to the material near the interphase boundary causing a shear wave

to propagate back into the more deformable Co(Al). Shear waves were not
discernible in the CoAl. Upon inspection of the STEALTH output, the shear

in the zones were generally about one order of magnitude less than the

normal stresses, even at the interphase boundary. In the Co(Al) phase, the
shear stress is limited by plastic flow.

Fracture in the eutectic did not occur during the first passage of the
wave, as modeled in this simulation. Incipient fracture did not occur until
the wave reflected from the free surface. The elastic wave traveling through
the CoAl phase reaches the free surface and begins to reflect before the
elastic-plastic wave in the Co(Al) reaches the free boundary. The occurrence
of incipient fracture or damage accumulation first occurs within the CoAl
phase just before the 150th cycle nearest the CoAl symmetry boundary and
diminishes toward the interphase boundary. This is shown in the isometric
contour plot of accumulated damage (DAC), Figure 7a, where the vertical
scale is damage in relative units. At a later time, more damage in more
zones accumulates toward the interphase boundary as shown in Figure 7b,
at cycle 160, Note that the vertical scales are different between Figures
7a and 7b. Note also that there is damage in all of the zones across the
width of the CoAl phase, implying incipient fracture throughout the CoAl
layer, and that no visible damage exists in the Co(Al) phase. Although
part of the Co(Al) phase is hidden in Figure 7, the tabulated output verifies
this statement. Thus, it can be concluded, as a result of this simulation,
that intraphase CoAl fracture would be the most 1ikely mode of fracture to
occur. The specific Tocation where damage occurs first in the CoAl is at
the theoretical spall plane which is roughly the distance away from the free
surface equal to the thickness of the impacting projectile, if the projectile
and target materials are the same.

In this fracture simulation, as in most simulations, the results must
be qualified. The first qualification pertains to the material properties
used. Many of the elastic properties were estimated from the mixing of
anisotropic and isotropic properties, some of which were determined from one
experimental data point. The Hugoniots were defined from limited data and,
in the case of the CoAl, from only two data points. The fracture properties
of both materials for the simulation were contrived without experimental
data. Indeed, the properties of both phases are only rudimentarily defined,
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Secondly, the fracture model used considered a tensile type fracture
mode where cracks or voids (unspecified) are assumed to form. The cumulative
damage fracture model that was used for this simulation of incipient fracture
degenerated to a simple threshold fracture criterion. To refine this in-
vestigation, perhaps separate ductile and brittie fracture models should be
considered for the two cobalt-aluminum eutectic constituents.

The third qualification involves the simulation itself. The model of
the interphase boundary and the method of introducing the shock pulse into
the material were very simple. The considerable plastic flow thought to
occur along the interphase boundary may result in greater stress relief than
simulated by perfect bonding. However, theoretical models of the interphase
boundary are not well developed to account for this, nor are their specific
properties known for the cobalt-aluminum eutectic interphase boundary,

The pulse shape introduced to the material was approximately a square
pulse equal for both phases of the eutectic. In general, if a single phase
projectile impacts a bi-phase material, as it does in this study, impedance
matching must be considered to determine the input velocity and duration of
a simulating pulse in each phase. More sophisticated means of representing
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Figure 7. Damage Accumulation After Wave Reflection

the shock pulse input may be in order.

The simulation was not checked by a convergence study due to time and
to an extent, computer storage limitations. Finer zoning, however, should
provide more accurate results. Ouring the eutectic and other simulations,
it was noticed that an unusual amount of oscillation was present in the
solution, particularly upon free surface reflection. This oscillation is :
3*:?ected to be due to the STEALTH treatment of boundary and corner con- ;
ons. ;

COMPARISONS WITH DYNAMIC FRACTURE EXPERIMENTS

To date, three soft recovary plate impact fracture experiments of the
eutectic have been conducted using the gas gun facility at Washington State
University, Pullman, Wa. Each specimen was a bi-crystal of the eutectic
with each grain occupying about 50% of the cross-sectional area. The
specimens were nominally 12.7 mm in diameter and 3 mm thick. The flyer
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plate material was the Co(A1) phase, and nominally 1 mm thick. The impact
velocities in km/sec for the three experiments were 0.23, 0.214, and 0.153.

These experiments have only recently been completed and the data and
recovered specimens have not been thoroughly analyzed. Therefore, at this
time only qualitative comparisons can be made. Each of the three specimens
exhibited internal micro-cracks; with damage decreasing with decreasing
impact velocity. The least damage was observed in the 0.153 km/sec impact
velocity case. The two lower impact velocity specimens were cut perpen-
dicular to the impact surface, polished, etched and observed using the
optical microscope at magnifications of 400x and 800x. Results so far are
that all of the observed cracks are in the CoAl phase of the eutectic.
Also, in some instances, cracks were observed along interphase boundaries
within the eutectic specimen. These results are in good qualitative agree-
ment with the simulation prediction. Further, the simulation was conducted
at a corresponding impact velocity of approximately 0.122 km/sec, when
damage (unspecified cracks or voids) in the CoAl phase was predicted. At
this date, no fracture experiments have been conducted at an impact velocity
below the simulation velocity to fully test the simulation predictions.
However, since-the experimental results for the impact velocities considered
all indicated fracture in the CoAl phase, it can be concluded that the
simulation and the experimental results are not inconsistent. Additional
experiments at other impact velocities nearer the simulation velocity and
below are planned. More simulations should also be made with lower impact

velocities to predict a lower 1imit for damage threshold conditions.

With additional theoretical work to develop a better interphase boundary
model and more theoretical and experimental work to determine appropriate
fracture models of the individual phases, the investigation of more macro-
scopic spall fracture can be pursued.
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ABSTRACT

Theoretical analyses were made of the axial compression test using the
HEMP computer code, and the results were compared with experimental observa-
tions for 4340 steel. When suitable boundary conditions, including fric-
tional effects, were employed the agreement was excellent. The constitutive
relations used were elastic-plastic including work-hardening., Comparisons
were made at large strain levels (more than fifty percent reduction in
height).

One of the objectives of this study was to obtain theoretical and ex-
perimental data for the dovelopment of a ductile fracture model involving
shear modes and large strains such as are present in ordnance applicationms.
To date fracture has not been observed in the experiments conducted in
steel. We have noted fracture in both Aluminum and Titanium specimens. The
analytical results are nevortheless of interest in quantifying the large and
complex strain fields produced prior to the onset of fracture.

INTRODUCTION

The ultimate objoctives we have in mind in the discussions to follow
concern the role of material properties in ordnance applications such as
armor-projectile interactions, fragmentation munitions and explosively formed
devices such as Misznay-Schardin and shaped charge weapons. Computer simu-
lations of such complex ovents are available using two or three dimensional
time-dependent codes such as HEMP, HELP, or EPIC. In general the results of
such simulations provide quite credible descriptions of the cvents trans-

. piring, provided attention is confined to kinematic issues such as momentum
transfer or a general picture of particle velocities. When more specific
quostions are raised concerning issues which depend heavily on material
response undor such extrome loading conditions, the results are less satis-
factory. '

As examples of the issues which need clarification, we might cite (a)
massive plastic deformution under very brief but very intense pressure
fields, (b) spall, which is fracture under a tensile stress field with very
little plastic flow and (¢) fracture in a shear wmode under wominally compros-




sive loading conditions. This latter situation is probably the most commonly
occurring and the most important in ordnance applications, yet it is the
least well understood. It is usually preceded by extensive plastic deforma-
tion. It may or may not invelve an extreme localization of a deformation
pattern, sometimes termed adiabatic shear banding. As an example of this,
see Figure 1 in which cross sections are shown of targets of the same mate-
rial (4340) but heat treated to different hardness levels.

Unfortunately, little correlation has been found to date between mate-
rial behavior in the noted ordnance applications and the mechanical proper-
ties of materials as determined by conventional test procedures. Such cor-
relations have been sought for example in terms of yield strength, ultimate
strength, reduction in area values from static tensile tests, or in terms of
energy absorbed in Charpy tests, as well as fracture toughness parameters
such as Kjc. While general trends may be observed in such correlations,
anomalous behavior is observed frequently and with sufficient magnitude that
such correlations are best regarded as qualitative rather than quantitative.

The objection may be raised that, in view of the obvious differences
between strain-rates involved in ordnance applications and in those quasi-
static mechanical tests mentioned, the observed lack of corrclation is not
surprising. In the view of the writers, however, differences in stress and
deformation states are at least as responsible for the failure of attempis
at correlation as are strain-rate effects. As noted earlier, the most com-
monly occurring mode of failure in ovdnance applications is shear, frequently
preceded by very extensive plastic deformation. Another dominant feature of
the applications of interest is that of a prevailing compression field which
is noticeably not present in the conventional mechanical tests.

A parallel situation exists for those interested in fractures which
develop in forming operations involving large plastic deformation. As Kuln
(1) observes, tonsion or torsion tost data are of little value in workability
evaluations involving surface fractures, largely because of the diffoerences
in stress and deformation states which exist between the laboratory tec: and
the forming operation. Kuin notes that the upset test does provide a usaful
deformation test which produces a stress state more closely allied to those
occurring in forming processes. In the upset tost (as distinct from the -
simple uniaxial compression test) barreling of the cylindrical surface is
encouraged, and, in fact, provides flexibility for providing information
- useful for workability testing, Such data is frequently presented in the
form of a locus of strains present at the equatorial surface of the eylin-
drical speeimon when fracture js first observed there during axial compres-
sion. See Figure 2 for reprosentative data for mild steel. .

An examination of the computer simulations of soveral ballistic pene-
tration problems as well as soveral fragmontation problems shows that the
strain fields developed in certain critical regions would indecd be approach-
ing the failure locus denoted in Figure 2. 1t is, thorefore, of interest to
examine in more detail the utility of upset tests in helping to relate
mochunical properties to ordnance performance.

(1]
o
ta




“High Strength 4340 Target

“Figure 1. Differences In Failure Mode In Steel Targets
(Note Drop In Ballistic Limit As Shear Band
Develops In High Strength Target) |
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Figure 2. Strains At Fracture At Equatorial Surface In
Upset Test On Cold Drawn 1045 Steel Rod

BACKGROUND

In axial compression of a cylinder without friction at the die contact
surfaces, the test specimen undergoes uniform axial compression., No barrel-
ing of the cylindrical surface occurs and the circumferential and radial
strains are tensile and each equal to one-half the axial compressive strain
throughout the specimen body. In practice this condition is never realized
in static, large strain compression tests. When friction is present at the
die contact surfaces, bulging or barreling of the free surface occurs and
the stress and strain distributions become highly nonuniform.

Geometric effects are alsu important. Decreasing the aspect ratio
(height to diameter) increases the bulge curvature. The equatorial diameter
and associated tensile circumferential strain becomes greater than it would
have been for the same height reduction in higher aspect ratio cylinders,
L/D ratios commonly employed range from one-half to two. Beyond this one
faces a possibility of column buckling.

It is important to note that in an upset test carried out to the onset
of fracture we have a competition developing between at least two candidate
failure modes. At the equator, tensile circumferential stresses and strains
develop due to radial expansion; at the same location there are strong com-
pressive axial stresses and strains, moderate radial strains and, of course,
zero radial stress. Under certain conditions failure occurs first in this
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general location, but as we shall see later there is another failure mecha-
nism which may prevail. The deformation produced within the specimen is
highly nonuniform and very strong shear fields develop in the interior of the
specimen which may promote failure along a plane beginning near the outer
edge of the specimen-die contact surface and making a shallow angle with the
cylinder axis.

The mode of fracture associated with the equatorial plane is somewhat
easier to relate to and even very rudimentary analyses give reasonable
estimates of the stress fields present at the surface in terms of easy-to-
measure gross deformation characteristics such as change in height, change
in diame.er.

As Murphy's law would have it, the more interesting fracture mode for
our purposes is far more difficult to analyze and, because it occurs in the
interior of the specimen, it is not possible conveniently to measure experi-
mentally any analogous deformation parameters.

It is, perhaps, this very lack of an adequate analytical model which
has inhibited nore widespread use of the compression test. The primary
purpose of this paper is to demonstrate that the dynamic wave-propagation
code HEMP can provide a very detailed analysis of the (static) upset test,
including the very large plastic deformations involved prior to fracture.
As the reader may have already inferred, our ultimate objective will be to
cover the dynamic upset test as well. In this paper, we confine attention
to a discussion of some representative cases which were simulated computa-
tionally and to a comparison with experimental results obtained to test the
validity of the calculations.

It should be pointed out that there do exist in the literature several
descriptions of finite element solutions to the problem of upset testing.
See, for example, C. Lee and S, Kobayashi {2] and J, Price and J. Alexander
[3]. However, the first of these docs not reproduce several of the experi-
mentally observed features important to large deformatio.. The second pre-
sents computer printouts of deformed grids, but no information on stress and
strain patterns induced. Such solutions are quite useful in certain forming
applications concerned with kinematic issues such as velocity fields but
provide little insight into the problem we have in mind., Finally, the neced
to addross dynamic tosts makes it imperative to consider the problem from
the vantage point of the elastic-plastic wave propagation code HEMP, origi-
nally developed by Wilkins [4].

The HEMP code couples conservation laws with an appropriate equation of
state for dynamic as well as static high pressure conditions. A finite dif-
ference formulation is used to integrate the equations of motion step-by-
step in time. Problems of two spatial dimensions (plane strain or rotation-
ally symmetric) can bo treated and virtually any olastic-plastic constitutive
law may be employed.

Input to the code consists of specification of the problem geometry,




appropriate initial velocities or applied stress fields and the dynamic mate-
rial flow properties. Output consists of a detailed space-time history of
all important physical properties such as stress, strain, displacement, and
velocity. It is thus a valuable tool for providing a dynamic whole-field
analysis required to decipher the sequence of events occurring in complex
problems. Numerous comparisons of HEMP code predictions and experimental
results indicate excellent agreement when material properties can be ade-
quately specified. The code has been applied by us previously in the analy-
sis of quasi-static problems. For example, we have successfully simulated
the details of plastic deformation occurring in the staudard uniaxial tension
test. The code correctly traces the transition from elastic behavior through

the onset of plastic flow, up to and beyond the onset of necking and the
development of triaxial stress states beyond necking. The calculated load

on the specimen faithfully reproduces the experimentally observed maximum at
the appropriate strain level, and the calculated drop in load after the onset
of necking is in agreement with the experimental observations of Bluhm and
Morrissey [5] up to the onset of fracture. Of course, in its present state,
the code is not able to speak to details of void nucleation, growth, and
coalescence within the necked region, but it is an extremely valuable aid to
develop constitutive models for this purpose.

A related problem area we have addressed with the HEMP code is the ten-
sile deformation of notched cylindrical bars, such as those tested experi-
mentally by Hancock and MacKenzie [6]. Again, good correlation was found
with experimental behavior,

EXPERIMENTS

Much of our impact and penetration analytic and oxperimental research
had used 4340 steel for the target material and for some of the projectiles
as well. This material is quite versatile for such resecarch since it is
possible to obtain a controlled range of stross-strain properties by varying
the tempering temperature. Additionally materials property data have bheen
published for the various tempers.

SPECIMENS
We chose to use our standard 4340 stecl, test projectiles as compros-

sion specimons. These are right circular cylindoers, 0.759 cm in diamoter,
1.524 cm in length, procured by contract and received with a Rockwell-C

. hardness (HRC) of approximately 53. This hardness value is a result of

temporing at 204°C. Theo tolerances on uniformity of dimonsions, end paral-
lelism and perpendicularity are far more stringent than those required in
ASTM standard L9 for comprossion testing. The specimons were retempered at
482°C in vacuum for two hours and air-cooled resulting in HRC = 40. It
should bo noted that the specimen ends had been finished ir a lathe and civ-
cular machining marks were visible using a low power microscopic. Thase
marks later could be meusurcd after the tos: to determine the radial dilation
of the spocimen ond surfaces,
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PROCEDURE

Loading was performed in a Wiedemann-Baldwin, screw operated testing
machine of 267 kN capacity. The specimens were compressed between tungsten
carbide loading blocks which were in turn loaded through massive steel com-
pression fixtures installed on the moveable heads of the testing machine.
The loading surfaces of the tungsten carbide blocks were parallel to better
than one part in 6000. The machine operates with controllable, constant
head closure rate during a test. For these experiments a deflection rate of
approximately .03 mm/min was applied for the initial loading up to the yield
region and this was increased to 0.1 mm/min thereafter. Test data to be
compared with the HEMP code predictions were obtained from tests with no
lubrication at the specimen ends., Tests were also performed in which 0.05
mm thick Teflon sheet was used for lubrication (We found no significant
effect on large deformation behavior by the lubricant).

A series of tests with maximum loads from 93 kN to 245 kN were per-
formed. Data from tests at 156 kN were used for comparison with the HEMP
code results, as will subsequently be described. Longitudinal sections were
made of a number of deformed specimens and these were polished and etched
(A photomicrcgraph of one such section appears in Figure 6b).

After the test, measurements werc made of the end faces, bulge diameter,
and final height using a micrometer caliper and a measuring microscope where
appropriate. The results of the measurements are given in the next section,

EXPERIMENTAL AND COMPUTATIONAL RESULTS

In our computer simulation of the experiments described in the prece-
ding section we employed an elastic-plastic constitutive law with work-
hardening. Fortunately, a stress-strain curve for the specific matorial
used (4340, HRC 40) was available for strains out to about fifty percent in
uniaxial compression. See Chait [7), and Figure 3. This data was used in
our computer simulations unless otherwise noted.

To simulate compression of the cylinder, a constant velocity of 0,002
cm/microsecond was imposed on the upper portion of the specimen (Only one-
quarter of the specimen need be simulated because of symmetry conditions).
This velocity was chosen as a compromise between economy and proper simula-
tion of the quasi-static experimonts. Economy roquiros that as large a
velocity be employed as is suitable; a velocity larger than the one chosen
would induce plastic deformation rather than clastic on the first wave pas-
sage and would result in rapid accumulation of such deformation near the
loaded end of the specimen, which, of course, is not in accord with the
experimonts. We shall be content, for now, to let the. comparison between

_computational results so obtained and the experimental results addross the
question of the clear differences between theoretical and experimental
strain-rates. No explicit description of strnin«rnta effocts was taken into
considerat;on in the analysis, .
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Figure 3. Compression Flog Curve For 4340 Steel, Quenched and
Tempered At 800°F (Chait (71)

It is well-known that if friction is absent between the specimen and
the loading platens, the result is a uniform compression of the cylinder
with uniaxial stress throughout the body and with radial and hoop strains
equal to minus one-half of the axial strain. A test case was run to verify
that the computer program would reproduce this result and it did with relent-
less.precision. ‘

To simulate the effect of friction botweon the specimen and end plates,
it was assumed that a frictional stress, f, was developod there as the do-
- formation proceeded. The magnitude of this siress was assumod to be given
by £= u+ oy where oy is the normai stress developed at the interface and
~ uis a coefficient of friction. It was found that the choice of v = 0.3
gave satisfactory results in the absence of a better guide for such a cheice.

It was found that the modeling process described thus far is insuffi.
cient to give complete agrecement with experiment. With no further conditions
imposed as deformation proceeded in our calculations, material from the cor-
ners extruded outward and upward into the space physically occupied by the
loading platens. See Figure 4. The next step we took was to simulate the
platens directly by means of a very rigid block of material all moving with
the imposed velocity (Figure 5). These results wore also considered unsatis-
factory since they produced kinks in the outer surface near the loading
platens which were not observed physically.
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The most suitable set of boundary conditions was arrived at by consider-
ing the following set of experimental observations. When those experimental
specimens which had been shortened in length by approximately fifty to sixty
percent were examined closely, it became apparent that the deformation under
the loading platens involved the following sequence. The original end diam-
eters (as opposed to the equatorial diameter) increase by only a small amount
(say ten percent) while the equatorial diameter is increasing by sixty per-
cent (Small circles due to machining provided fiducial markers in this con-
text). On the other hand, material which is initially on the cylindrical
surface ''rolls over" and becomes part of the flat end of the specimen under
the loading platens, and thereby increasing the observed specimen diameter
under the platens. As mentioned, we noticed this process when the end short-
ening had reached fifty to sixty percent. It had clearly started much
earlier in the deformation.

This phenomenon is apparently well-known to workers familiar with
forming operations, but it is not as familiar outside such circles. This
unfamiliarity persists despite several allusions to the process including
quantitative experimental observations by Hsu in 1968 [8].

This phenomenon is clearly an important element in formulating the most
suitable boundary conditions. The slide line routine in HEMP was rewritten
(a) to permit those edge points on the lateral surface to roll-over and
become part of the loaded boundary, and (b) to prescribe the suitable velo-
city conditions and frictional conditions once they did so. Figure 6a shows
the deformed specimen when the simulation considered these issues. The
point labeled A designates the location of the point originally at the cor-
ner of the unloaded specimen. As can be seen, two points originally located
on the lateral surface have rolled over and btecome part of the loaded sur-
face. This action clearly has a strong influence on the subsequent stress
and strain distribution and must be one of the criteria for the acceptance
of an analytical solution.

The simulation shown in Figurc 6a also shows another essential foature
which is observed experimentally viz. the presence of a relatively undeformed
conical region under the loading platens. This is bordered by a zone which
- is heavily deformed in shear. There is a region along the equatorial axis
in which one can casily judge (simply by comparing zone sizes with those in
the conical region) that there is a strong axial compressive strain but a
large tonsile hoop strain,

Figure 6b shows the deformation pattern experimentally observed in a
cross-section of a 4340 steel cylinder with a stress-strain curve corrspond-
ing to the one used in the simulation. The overall amounts of deformation
for theory and experiment are quite close in the sense that analytically
,_,L/Lo 4 0.46 and D/D0 % 1,96 wiile experimentally L/Lo 2 0.44 and D/no @ 1,62,

As can be readily observed, there are many intoresting details in terms

of which the comparison is excellent. The 4340 rod material used in these
experiments has an internal structure (flow lines) which arisos as a rosult
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of segregation and subsequent rolling. This structure forms a set of fiducial
lines which are originally parallel to the axis of the specimen and which de-
lineate the deformation pattern as it occurs (see Figure 6b). If one compares
these to the numerical grid lines which were also originally parallel to the
specimen axis (Figure 6a), the agreement is clear and indicates we may place
a high degree of confidence in both the overall features and in the finer
details of the numerical simulation. The highly sheared zones which separate
the equatorial regions from the so-called '"rigid cones' under the loading
platens are also clearly visible in the experiment.

A more quantitative assessment is presented in Figure 7 in which several
of the interesting parameters associated with the global deformation are pre-
sented as determined analytically and experimentally. The agreement gener-
ally is extremely good.

No fracture was observed in the 4340 steel specimens studied up to height
reductions of seventy percent, which is at the load limit of our testing ma-
chine, This result, therefore, precludes a discussion of the development of
a fracture criterion by comparing theoretical and experimental details in this
instance. Further testing and computer simulations are required and this
paper must be considered a progress report in this respect.

Figure 8 shows some quantitative results in terms of the distribution
of plastic strain fields developed in the specimen after a reduction in
height of fifty-three percent. The contours plotted are for values of ef-
fective plastic strain as conventionally defined. It so happens that these
are very close to the values of axial strain for the same locations, Maxi-
mum strain values of nearly 1.5 (one hundred and fifty percent) are noted in
the geomotric center of the specimen.

An interesting feature of the solution presented here deals with the
role of hydrostatic pressure (mean normal stress) along the diametral cross-
section. Near the spocimen axis there is a large compressive value of
hydrostatic pressure and all three stress components are negative. This, as
shown by Bridgman, permits the development of larger strains before fracture
thun one might find otherwise., Near the outer surface alung the equator the
constraint of vanishing normal stress relaxes the level of hydrostatic stress
(and, in fact, the hoop stress becomes modorately tensile). This should
- pormit failure to occur at lower strain levels,

Another strain ficld, slightly less intense than that near the spocimen
centor, but greater than that found elsewhere in the sample is seen to be
developing near the specimen corners and proceeding toward the specimen cen-
ter; these regions are also still located in a compressive stress field, but
one less intense than at the specimen center., At the outer ends of the equa-
torial diameter, the strain fields are roughly fifty percent as intense as
. those iear the center, but a tonsile hoop stress is boginning to develop in
tiis rogion. .

~The competition between candidate failure modes mentioned earlier is
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thus seen to be quite complex and is clearly going to be sensitive to details

of geometry and material properties. As such, it needs considerable further
study.

SUMMARY AND CONCLUSIONS

A comparison was made between the results of experimental axial-compres-
sion tests of 4340 steel and HEMP simulations of those tests. The agreement
was sufficiently good to warrent a high level of confidence in those theoret-
ical results which are not amenable to experimental observation, such as
stress-strain fields in the interior of the specimen.

It was also demonstrated that when suitable boundary conditions are
employed, all essential characteristics of the large deformation processes
can be accounted for. In particular, the rolling over of the lateral surface
of the specimen is believed to significantly influence further interior de-
formation and hence must be adequately modeled,

No fracture was observed in the 4340 HRC40 steel specimens we tested so
that our original objective of relating the computed stress and deformation
fields to the onset of fracture under nominally compressive fields could not
be attained in this instance. In this context we should indicate we were
limited in our testing machine capacity to 60,000 pounds, We did observe
fracture under these conditions in both aluminum and titanium specimens, so
there is no inherent flaw in our proposed approach.

Since fracturc originates in a localized region where stress, strain
and material structure reach a critical mix, the presence, shape and volume
fraction of inclusions and other inhomogeneities are expected to have a
strong effoct (The 4340 stecl we used in our experiments was well above aver-

~ age in cleanliness). One of the advantages of the test procedure proposed

is that it employs a small specimen size, thereby making it possible to test
specimens containing the same microstructural features as the material in an
actual component. It also makes it possible to omploy samples which are

oriented in selective directions with regard to special features produced by

fabrication processes.
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Taylor tests wereo performed for a number of tempers of 4340 steel having
a range of hardness from approximately 38 to 53. Theoretical analyses of the
test were also performed using the HEMP computer code. The HEMP code correctly
predicts the deformed shape of the projectile cylinder and code results sug-
gest that the Taylor formula for dymamic flow stress, when applied to high
strength materials, yields results which are nonconsevvative,

At high impact velocities, where dynamic fracture occurs, two types of

~ behavior were observed. For tempering temperatures of 400 F to 600 F (204 C
- to 316 C) brittle fracture is obsorved, with a conical fracture surface at the
impact end of the projectile. For the higher tempering tomperatures, the pro-

joctile romains intact and the impact surface petals. In these cases we have
measured a characteristic dynamic fracturo strain using a computer-ass;ated
technique,

There is metallographi» ovidonce that, in the case of brittle frauture.
narrow bands of adiabatic. ahear are formed and these serve as the sites whero

INTROﬂMCTIQN

Among the wauny contributions of G. 1. Taylor to ballisties was a suggested
mothod for determining the flow stress of a rigid-pure plastie material at high
rates of strain [1]. In the suggested method, a right civeular cylinder is
ballistically lmpacted on a thick rigid target at relatively low velocities.

the ballistically dﬁfarmcd eylinder is recovered and the deformed length of

the test cylinder is measured, Taylor's analysis ;nd;uuted thdt the ilow

Stress sould be inforrcd from the velation:

O Yoepu/2 n(l/Ly) )y

flow stross
density

striking veloeity
deformed length
Ly = initial length

where

s % B 9
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The ideal conditions for the test are that the target remains rigid when
it is impacted, there shall be no friction at the impact surface, and the cyl-
inder should deform into the shape shown schematically in Figure 1. Implied
in the theory is that the same value of Y should result from experiments with
cylinders of varying L/D ratio and over a range of velocities,

There is some question of the meaning of the flow stress for many high-
strength materials of ballistic interest such as 4340 steel whose dynamic
stress-strain curves may exhibit strain hardening.. We will show that there
are discrepancies between analytic predictions of s*ress, obtained from a well-
established computer code, and those of the Taylor test for such strain-
hardening materials. Experimental results also show that the value of Y is
not independent of the test cylinder length.

Tests were also performed in which striking velocity was sufficiently
increased to cause cracks to form and then further increased to cause complete
fracture of test cylinders of 4340 steel of various tempers. Observations and
measurements of the recovered specimens showed:

1. There were characteristic fracture modes associated with the various
tempering temperatures.

2. There is a characteristic fracture initiation strain for each temper-
ing temperature and this strain is independent of the striking velocity.

In the next section of the report we describe the experimental procedur-,
This is followed by a section containing a brief description of the analytic
procedures. There are then two sections on the results: One on the flow
stress studies and one on the fracture investigations. The last section of
this paper contains a summary of the work and conclusions.
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Figure 1 Taylor Test Parametors
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EXPERIMENTAL PROCEDURES

In this section we describe the specimen material, the test procedures,
and a computer-assisted data reduction method used in the investigation.

Specimen and Target Material

Heat-treated test cylinders of 4340 steel which had been tempered at
400 F were procured by contract. All cylinders were 0.299 in. (7.59 mm) in
diameter. The majority of the cylinders were 0.600 in., (15.24 mm) long, having
a nominal length to diameter ratio (L/D) of 2. A smaller number were 1,200 in.
(30.48 mm) long with a nominal L/D = 4.

A previous investigation using 4340 steel projectiles [2] had indicated
that ballistic fracture mode (specifically the occurrence of adiabatic shear)
was influenced by factors associated with specimen hardness. We therefore
planned to perform tests with specimens of various hardness values. Sets of
cylinders were retempered for two hours at the following temperatures: 600 F,
700 F, 800 F, 900 F, and 980 F. The resulting hardness values for the origi-
nally received and the retempered material are given in Table I. Each value
in the table is the average of eight hardness tests performed on two randomly
chosen samples,

Table I Specimen Hardness

Tempering Rockwell-C
Temperature Hardness,

(Deg F (C)) HRC

400  (204) 53.2 All target plates were of
the same 4340 material, tempered

600  (316) 48.7 at 400 F (204 C). The nominal
dimensions were: 0.75%6,0%6.0 in,

700  (371) 46,8 (19x152x152 mm),

800  (427) 44.0

900 (482) 40.7

980  (527) 38.2

Launch Apparatus

The test cylinders were fired from a smooth bore, 20 ft (6.1 m) long,
helium propellant gun. The target plates were mounted 19.6 in., (500 mm) from
the muzzle. Cylinder velocities were determined using a two-beam laser veloc-
imeter which measured the time of flight over a 6.00-in., (152.4~mm) gage dis-
tance. The time measurements were made by a conventional 10-megacycle ballise
tic chronograph. The major error in velocity arises because of possible
differences in the relative positions of the cylinder in the two laser beams
when the chronograph trigger signals are generated. We estimate the uncertainty
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to be the equivalent to an error in the gage distance, This possible error
is equal to the laser beam diameter of (0,09 in. (2.3 mm) resulting in an error
of 1.5% in velocity.

Projectile Impact Face Measurements

In experiments where no cracking occurred it was of interest to measure
the area or the perimeter of the impact face of the deformed projectile.
In cases where the deformation was not symmetric, micrometer measurements of
the diameter were inappropriate. In other experiments at higher impact veloc-
ities where cracking did occur, measurements of the arc segment lengths between
cracks could be used to determine crack initiation strains. We will subse-

quently describe the formation of such cracks as are shown in Figure 2.

R

Figure 2 Side views (upper) and impact faces (lower)
of three projectile cylinders of 4340 steel tempered
at approximately 1000 F (538 €). Impact velocities:
left -- 1033 ft/sec (315 m/scc); center — 1401 ft/sec
(427 w/scc); right ~ 1736 ft/sce (529 m/sec),
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The lover photographs show the impact faces of three p*o;ectxles impacted at
increasing velocities while the upper photographs are elevatxon views of the
same projectiles.

If the outline of the impact face of such a cracked projectile is traced
to a known scale, as shown schematically in Figure 3, the length of one perim-
eter arc segment L:, can be approximated by a series of small straight line
segments designated as A; in the figure. If a set of coordinate axes is estab-
lished on the tracing, tge lengths of each of the segments can be calculated
in the manner illustrated in the figure.

This scheme was the basis of a computer-assisted method for measuring the
lengths of the arc segments and for calculating the crack threshold value of
the circumference and diameter of the projectile. An erlarged shadowgraph
image of the end face was projected on graph paper and hand-traced. A scale
length was also marked on the graph. An interactive computer program was
written for use with a Tektronix Model 4662-Digital Plotter (operating as a
digitizer) and a Tektronix 4014-Graphics Terminal coupled to the AMMRC UNIVAC
1106 computer, With the graph sheet installed on the plotter, the operator
digitized the required segments on the tracing and the computer made the appro-
priate calculations., The results were displayed on the screen of the graphics
terminal where they were automatically copied by a hard-copy device. An anal-.
ogous program, using numerical integration was written to calculate the irre-
gular areas of uncracked end-faces.,

We used test tracings of known dimensions to evaluate both the accuracy
of the plotter and that of the operator. We foupd that the average total
error in perimeter or in area was less than 2%.

Y METHOD OF GRAPRICAL INTEGRATION

kb~

PERIMETER » ZLI
¢ 2
\y Oy Vo xfe ey

EQUIVALENT
DIAMETER (D)
GIVEN BY:

\/\// D+ PERIMETER! 1(

v on i - X

Figure 3 Schematic, enlarged, shadowgraph image of projectile end face illus-
trating the method of graphical determination of the crack threshold perimeter.
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ANALYTICAL PROCEDURE

The stated problem is two-dimensional in character, involving rotational
symmetry about the cylinder axis, The HEMP code is suitable for a detailed
spatial and temporal analyses of the wave propagation events involved in the
experiments; indeed this is the approach used by Wilkins and Guinan [4]. Such
a procedure has the advantage of not involving any simplifying hypotheses such
as the one-dimensional analysis used by Taylor [1]; it has the disadvantage
- of a numerical procedure that it does not result in a one-line formula such
as Equation 1 for determining useful theoretical parameters.

The HEMP Code

To describe the capabilities of the code as succinctly as possible one
might say that it begins with the conservation laws, couples to these an equa-
tion of state which is quite realistic for the dynamic high-pressure regimes
encountered, casts the entire assembly into a finite-difference farmulation
and integrates the equations of motion step by step in time,

Code Ingut

Input to the code consists of a specification of the geometry of the prob-
lem, the appropriate initial velocity and the dynamic stress-strain properties.
~of the material involved. Foremost among these are the so-called Hugoniot
characteristics describing- the dynamic pressure-volume relationship. Thesc
are generated in uniaxial-strain shock-wave experiments similar to those in
- which spall properties arc measurcd. The analytical model incorporates
elastic-plastic behavior including strain-hardening effects and employs a
© Von Mises yield criterion. Details of the flow curve beyond initial yield

~are obtained, generally, from static tension or compression tests. In the
computer simulations performed for this rcport, only data from compression
tests as reported by Chait [3] were usod as initial estimates of yield stross
to begin the iterative process of comparing thoory versus cxperiment. If
agreement was not satisfactory, the initial estimate of yield stress used in
the theoretical calculation was modified and the s1mu1at10n rcpoated 1tera-
tively until agreement was satisfactory.

Code Output

Output from the code consists of a detailed space-time history of all the
important physical quantitics such as stress, strain, displacement, velocity,
etc, Thus it is an extremely valuable tool for providing a dynamic “whole
field" analysis required to decipher the complex sequence of ovents leading
up to the final deformation of the recovered projectile. Numerous comparisons.
between the predictions of HEMP and experimental results tend to show oxcel-
lent agroement when suitable matorial properties arc cmployed.

In the computations whosc results are reported herc, the prossure-volume
curve used for the 4340 material was

P = 1,65 yu+ 1.8 y2
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where u = (Vo/V - 1), V is relative volume, Vy is the initial value of V and

P is pressure in megabars. A constant value of yield stress was used (as dis--
cussed in detail in the following) to define the elastic-plastic behavior of
‘the material for most of the comparisons with experiment. The specific value
of yield stress chosen corresponds to the value of flow stress at a 50% strain
level in the static compression tests on these same materials reported in
Reference 3. A few computer simulations were conducted using work-hardening
details, but these tended not to greatly illuminate the comparison with exper-
iment. However in this regard, it should be observed that such comparisons
only involved what might be termed global features (e.g., overall length of
the projectile, circumference of the mushroomed end, etc.} rather than any de-
tailed mapping of the local changes in hardness within the deformed projectile.

TAYLOR TEST DEFORMATIONS

One objective of our Taylor test program was to determine the effect of
tempering temperature on the dynamic deformation and fracture behavior of
4340 steel. Another objective was to compare the deformed dimensions of the
test cylinders with values predicted by the HEMP-computer code. In this sece
tion of the paper we discuss only the deformation studies while tho fracture
results are described in the next section.

Taylor Flow Stress Exrors

It is important to notec that small crrors in measurcment of the impact
velocity 0i of the deformed length of impacted cylinders can lead to larger
errors in the value of the Taylor stress us calculated by Equation 1, The
value of Y 'is especially sensitive to length crrors and the sensitivity
1ncreases as the amount of deformation docroaso&.

In our experiments, the poq%xblc error in velocity measurement is 1,5%.
This leads to a possible error of 3% in values of Y calculated by Equation 1.

Length measurement errors aro more serious. Lot us define tho following
quantities for a quantitative assessmont of the length orror in Y, (In the

. analysis we assume that the initial length of the projectile is detormined
“; without orvor):

Lo = original length of the cylinder
- L= true final length
Ly = orrongous, measured final length
: e-g

error in longth measurement: (1 ¢ ¢) L = Lo

Y = true Taylor stress

Yo = arroncous Taylor stross (using L0 in bquation 1)
Now let AY =Yy - Y

- From Equation 1:

Yo/Y = Ln(L/Lg) /Lallg/Lg) | (2)
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From the definition of e

L/lg = (1 +e) L/Lg  ~ . (3)

andlffom the defini;ion of AY
Yo/Y = (¥/1y+ 1 o 4)

““where AY/Y is the error in Y.

Equations 2 to 4 can be combined and rearranged to

Ln(L/Lo) _
T+ &) + WLy 4 (s)

AY/Y =

Shown in Figure 4 are values of the error in Taylor'étress for four values of
the length error, It should be noted that for high-strength materials the '

b
20~
5 B Error in
8 Final
i Length:
> 2.04
£ o
] |~ ' "
o
8 - "M//
s~ "
;..—""/*’ 0.5%
.‘/1'
___.._-—-/ - -
] A | |
) &0 ) 00 5

" END SHORTENING RATIO, Ll

Figure 4 Possible errors in the Taylor stress as a result of errors in measuring
the deformed length of the impacted cylinders. For the high-strength 4340 mate-
rial ‘used in this. program tho range of L/Ly valuos was from about 0.8% to 0,95.°
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amount of end shortening of the cylinder in a Taylor test is small, hence L/Lg
may be typically greater than 0.85. Here the errors in stress can be very
large. ’

Taylor-Stress Values

Well over 200 specimens were tested in the program. We chose for Taylor
stress calculations only specimens which were uncracked and which had impacted
with no more than 1° obliquity. The experimental conditions for the selected
specimens are shown in Table II.

The mean Taylor-stress values for each temper are shown in Figure 5,
separately for L/D = 2 and L/D = 4, The curves were hand-faired between the
data points. The values for L/D = 4 are approximately 10% lower than for
L/D = 2. We have no ready explanation for the difference.

Table II Experimental Conditions for Taylor-Stress
Tests for 4340 Steel

Velocity Range

Hardness L/D (min - max) L/Ly Range No, of
HRC Ratio ft/sec m/sec  (min - max) Shots
§3.2 2 435-656  133-200 0.95-0.98 5
53.2 4  520-778 158-237 .93- .97 6
48.7 2 744-1054 227-321 .85- .92 6
46.8 2 858-1015 262-309 .87- .91 5
.8 4 840-961 256-293 .8 .90 3
4.0 2 B18-1063 243-324 - L85- .91 4
44.0 4 833-1056 254-322 .84~ .89 3
40.7 '  2 823-974  251-207 .86~ .90 3
40.7 4 954-1053 291-321 .B2- .86 . 2

38,2 2 868-1023 2065-312 .84~ .86 10
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Figure 5 Experimental Taylor-stress values as a function of
hardness for tompored 4340 steel.

Static compression data for the same material for the same range of tem-
pering temperaturcs, reported by Chait [3], are shown in Figure 6 together
with the Taylor-stress values for L/D = 2. The lower of the two static curves
is the 0.2% yicld stress; the upper curve is the true stress for a true strain
of 0.5. The difference between the two static curves is an indication of the
amount of work hardening up to a true strain of 0.5, The elevation of the
Taylor-stress values over the static suggests a strain-rate effect, However
this is contrary to the findings by Wilkins [4] which indicate that at large
strains, flow stress is rate indepondent for steel above same ¢ritical value,
The large difference between the Taylor-stress and the static values indicates
a large strain-rate offect which also is contrary to the findings of Refor-
ence 4, The discrepancy is greater than can be accounted for by experimental
error, Weo tentatively concluded that the Taylor formula is nonconservative
when applied to high-strength steel, We will show that HEMP-code analyses
lead to the same conclusion,

HEMP-Code Predictions

Computations were made for the two L/i- ratios of the experiments: L/h = 2
and L/D = 4, The input conditions were as follows: impact velocity = 900 ft/
se¢ (274 m/sec) and cylinder diameter = 0.300 in, (7.62 wm), ‘Twe sets of
HEMP=code runs were made using two different flow strosses but both with
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Figure 6 Static compression yield stress data for various hardnesses
of 4340 steel (two lower curves) shown with Taylor-stress values for
L/D = 2. The lower of the two static¢ curves is the 0.2% yield strongth.
The upper static curve is the stress value for a natural strain of 50%.
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stress-strain curves of the elastic-pure plastic type. The flow stresses were
217.6 ksi (1500 MPa) which simulated the material tempered at 900 F (482 C)
having HRC = 40.7, and 290.1 ksi (2000 MPa)} which simulated the material tem-
pered a2t 700 F (371 C) having HRC = 46.8. Since there were no data at exactly
900 ft/sec, the experimental values were interpolated from data near this value.
The HEMP predictions and experimental values are given in Table III,

Note the remarkable agreement between HEMP values and the experiments
which reinforces our confidence in the predictive value of this code.

If we now treat the HEMP data as experimental results, we can compute the
Taylor stress for each of the two tempers by substituting the HEMP L/Lj values
in Bquation 1 for a velocity of 900 ft/sec (274 m/sec). The results are shown
in Table 1V.

Table 1Il Comparison of HEMP Predictions and Experimental
Values of Final Length and Impact Surface Diameter
for Two Tempers of 4340 Steel

Material /D HEMP Experimental Difforence (%)
HRC Ratio L/Lg D/Dg L/Lp DB/Dy L/Ly  B/Dy

40.7 2 0.857 1,42 0.880 1.39 2.6 2.2
40.7 4 .85 1.58 .874 1.56. 2.2 1.6
46.8 2 .893 1,32 ,900 1.33 0.8 0.8
46.8 4 .802 1.45 .889 1.50 0.3 3.3

Table IV Taylor-Stress Values Computed.
' from HEMP Values of L/Lg

HEMP Input Stress HEMP  Taylor Stress Diff,
ksi MPa L/Lg ksi MPa %

2176 - 1500 0.857 275.8 1888 25.8

290.1 2000 0.803 375.4 2575 28.7

Taylor stresses calculated from HEMP /Ly values ave much elevated above
the input flow stress. This behavior is similar to what was shown in Figure 6.
“We have therefore concluded thut the Taylor formula is unrcliable for high«
strongth stecl and that a procedure utilizing HEMP and experiments is probably -
more suitable to obtain dynamic flow stresses of such materials. 1In such a
procodure, deformed lengths of projectile cylinders could be measured with a
* lower precision than that requived for the strictly experimental procedure,
Thon by an iterative process cxperimental lengths could be matched with HEMP-
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predicted lengths and the appropriate stress would be determined from the
HEMP values. The details of such a procedure are now under investigation.

FRACTURE

Dynamic fracture in Taylor test cylinders of 4340 steel occurs in a vari-
ety of shear modes which generally fall into two categories. We will apply
the term brittle fracture where there is a breakup of the cylinder into large
and/or small fragments and the term ductile fracture where the cylinder cracks
but remains intact over an extended range of impact velocities. Cylinders
tempered below 800 F (427 C), where the HRC is greater than 44, fail by brit-
tle fracture. Cylinders tempered at or above this temperature where the HRC
= 44 fail by ductile fracture. In this mode, there is a threshold velocity
for cracks to form along the perimeter of the impact face of the projectile.
At higher velocities, the cracks propagate in shear, radially inward in the
manner shown in Figure 2,

Brittle Fracture in HRC = $3.2

Our most extensive fracture testing was performed with specimens of the
hardest of the 4340 steel tempers, The velocity threshold for fragment frac-
ture for this tomper is between 740 to 780 ft/sec (226 to 238 m/sec) if the
impact is normal, For non-normal impacts, diagonal shear-formed fractures
occur with a wedge-shaped fragment at a thresheld velocity of approximately
650 ft/sec (198 m/sec). In the L/D = 4 eylinders, as the velocity is increased
beyond the threshold value, the number of fragments increases and the size of
the fragments decreases. '

It is in the L/D = 2 eylinders that a unique form of fracture occurs which
we have not observed in L/D = 4, for this temper, or in any cylinder tempered

~_above 400 F (204 C). In this mode a cone-shaped fragment consistently frac-
tures from the impact end. This is shown schematically in Figure 7. The

throshold value for cone fracture, when the impact is novmal, is in the ronge
from 925 to 1000 ft/sec (282 to 305 w/sec). Shown in Figure §, on the left

< PROJECTILE

CFRACTURE
COAE

Figure 7 lmpact-end fracture cone in L/ = 2 projectiles
of 4340 stecl, tempeved at 400 ¥ (204 C) = schematic.
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:
1 2 is one such cone. Next to the cone is a typical wedge-shaped fragment. Shown

in the figure on the right, for comparison purposes, are an unfractured, but
deformed cylinder, and an unfired sample.

‘gﬂ ? We have been able to recover projectile cylinders in which the cone has
3 3 not yet separated from the body of the cylinder. One such cylinder is shown
o in several views in Figure 9 from an impact at 1033 ft/sec (315 m/sec).

Figure 8 Left: typieal cone fragment; second from left: typice)
wedge fragmont; second from right: typical mushroom deformation
; S of softer projectiles; right: undeformed eylinder. The two pre-
By L v ~ jectiles on the right are shown for compurison puiposes.

ezt e s
‘

Figure 9 Side and end views of an !ntact, but cracked cylinder

of 4330 steel with HRC = §3.2.  The eylinder was rotated for the
side views to show the distribution of the diagonal cracks., The
base of an incipiont coite is evideint in the end view on the right.

T e,
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Our interpretation of the chronology of fracturc is that cracks initiate at the
rim and propagate inward to form the cone surface and diagonally rearward as
shown in the two photographs, left and center. The cone base is clearly delin-
eated in the photograph on the right and shows no evidence of the radial crack-
ing typical of the higher temperature temper samples. At higher velocities

the cone remains intact and acts as a wedge to cause further fragmentation of
the cylinder. The cracks, visible in the left and center photographs of Fig-
ure 9, propagate and join together to form individual small fragments many of
which contain small concave conical areas.

Fracture cones form and can be recovered over an extended range of veloc-
ities. In a series of exploratory penetration experiments using thin, hardened
4340 steel targets which failed by plugging, we rocovered cones when the impact
velocity was as high as 1729 ft/sec (527 m/sec).

Metallographic Examinations

A number of cone fragments wevre sectioned, polished, and etched. In each
such section we found cvidence of the so called white layer which is indicative
of adiabatic shear. It was not clear, however, from these examinations whether
the effect occurred prior to cracking or was the result of post-cracking events,

An intact, but cracked cylinder, similar to that shown in Figure 9, from-
an impact oxperiment at 978 ft/sec (298 m/see) was sectioned, polished, and
otched. Shown in the upper photograph of Figure 10 is a low magnification view
of the impact end with a crack which is evidence of an incompletely formed
fracture cone. The crack forms a 50° angle with evlinder axis., The lower
photograph in the figure is a high magnification view of the crack in an area -
near the apex of the incipient cone., Note the clear evidence of white laver
- on the crack surfaces, and also of a thin spike of white layer running diago-

" pally upward into the material near the center of the phetograph. We have
concluded from this metallographic evidence that adiabatic shear is a precur-
- s0r to cone cracking and that the ecrack occurs in the thin adiabatic shear band.

There is yet no adequate theory to account for the formation of this highly
localized, thin conical layer of intense shear. We have no ready explanation
why conical fragments consistently appear in LD = 2 eylinders of the HRC =
53,2 material and not in L/D = 4, and neither can we ¢xpiain why the adiabatice
shear-cone phenomeiion has not been observed in any of the less hard tompers,

We estimate that the shear layer has a thicknesg of o more than 40 pin.
(1 um) when it forms. Since numorical cedes like UEMP operate using Jiscrete
sones and sinco it is st feasible to ugse conv sizes whieh are ceven 100 times
the shear layer thickness, there appears littic possibility at this time that
HEMP and othor similar computer codes can yield insight into this consistently
oceurring . phenomenon. ‘ ' - '

Brittic Fracture in HRC = 48.7 and iRC = 4.8

In voth of these tempers brittle fracture oveurs at higher velovities
than for the HRC = 53.2 muterial. As the impact velocity is inereased, there
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Figure 10 Polished and etched axial section of an HRC = 52,2 which

had been impacted at 978 fr/sec (298 m/fsoc). (Before sectioning
this cylinder was similar to that shewn in Figure 9.) Upper: crack
indicating an incemplere cenival fracture surface. Lower: wagni-
fied arcas near cone apex showing white layer on crack surfaces.
Note also a spike of white layer extending left to right from the
crack surface near the center of the photomierograph.




is some ductile deformation, then radial cracking, and finally fragments form,
For the HRC = 48.7 material only L/D = 2 was tested. Both L/D = 2 and L/D =
were tested for the HRC = 46.8. The velocity thresholds for fracture are

k . approximately 1160 ft/sec (354 m/sec) and 1280 ft/sec (390 m/sec) for the

§ ‘. HRC = 48.7 and HRC = 46.8, respectively. In the softer of the two materials
threshold values for both L/D values are similar,

In a number of the fractured L/D = 2 cylinders for both tempers we found
evidence that at least part of the fracture surface was in the shape of an
3 inverse cone as shown schematically in Figure 11. We suspect that adiabatic
4 shear has occurred in these cylinders but scheduled metallographic examinations
2 - have not yet been performed :

‘ CONICAL FRACTURE SURFACE——

NN\

./
\\

<. . . t . . . i N . PR
PR ’ . o i N .
. T . N . R S

Figure;il Schematic inverse cone ns~obsorv0d , =
in HRC = 48.7 and HRC = 46.8 cylinders.- LT s

Ductile Fracture

3 - Using the computer-assisted technique described previously and illustrated

i in Figure 3, crack-threshold perimeters were determined and converted to equive

- alent djameters of the deformed impact foces. “The diamoter data were then cone -

“'vorted to a crack-threshold straini. The- strain value can be considered to be :
an ultimate strain, analogous to a short-gage 1ongth clongation in the tens;lu e
test. The results are shown in Table V. The data for cach condition were: :
obtained by averaging rosults from the number of tests shown in the last- columnl\
The veloeity range of the data was over approximately 200 ft/sce (61 m/sec}g
Note that the standard deviations of the diameter are relut;voly smalx &ud TN
are no more than *3.5% of the diamotor value. L N S

The natural strains are shown graphiunlly in Figure 12, Note that ih& R
discrepancy between L/D = 2 and L/D = 4 increases as the hardness-douregseJ.;;
We have no explanaticy for the diffeorences in fracture strain but we suspect =
that the difforences instress-ytate may exist in the impact<face vim region
§ of the two L/D values and these differences can lead to different fructure ,
f strains. Resolution of this problem may be possible when a suitable fracturo. N
' criterion is devoloped for the HEMP code. Although suuh a critorion is mot . 3
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" t Table V Cracking Threshold Diameter and Tangential
5‘-?- " Strain at Impact Face for 4340 Steel*
?' : HRC  L/D  Diam. and Std. Dev.  D/Dy Strain No. of
. Value Ratio {in.) {mm) Ratio Ln D/Dgp Tests
;; ?, 53.2 2 0.339:0.008 8.60:0.20 1.134 0,127 7
i: 3 53.2 4 .351% .013  8.91% .33 1.174  .160 7
?5 i 46.8 2 .415+ 009 10.54% .22 1.388  ,328 7
§f i‘ 46.8 4 .464% 012 11.79%+ .29 1.553  .440 3
? €: 44.0 2 .437¢ .014 11.10¢ .36 1.462  .380 10
: 3 44.0 4 .500¢ .016 12.84% .40 1.691  .526 4
%g ;1 40.7 2 .451: .016 1l.46% .40 1,509  .412 7
§§o 3 0.7 4 .512:.016 13.00¢ .40 1.712 538 4
%;, *;é 38,2 2 .459% 010 11.67¢ .25 1.537  .430 5

‘} 5'. *Thero were insufficient data for HRC = 48.7.

~ ROCKRWELL « € HARDRESS, MRC

Figure 12 Dynamic fracture strains for 4340 stecl of various tempers.
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yet available, we are currently studying how the current data may be applied
in its development,

An immediate application of the data to two-dimensional code studies of
the Taylor test is evident. When the strain at the impact-face rim reaches
the experimental value, the two-dimensional problem is completed and further
time-steps in the calculation can be aborted. In the case of the 4340 steel,
the data of Figure 12 would serve as cut-off criteria.

CONCLUSTONS

The major conclusions from this combined theoretical and experimental
study of large deformation and fracture behavior of 4340 steel are as follows:

1. The conventional Taylor test is an unreliable method of obtaining
dynamic flow stress data for high-strength materials such as 4340 steel
tempered below 800 F (427 C).

2. The HEMP code, using the static value of the compressive stress for
0.5 true strain as the dynamic flow stress, correctly predicts the deformed
lengths and the impact-face diameters of Taylor test cylinders of 4340 steel
of several tempers,

3, There is a characteristic fracture strain for 4340 steel which can
be determined in a Taylor tost. There are still unresolved differvences in
‘the values obtained from L/D = 2 and L/D = 4 test cylinders,

4. A more reliable procedure than the use of the Taylor formula for ob-
taining dynamic flow stresses for high-strength materials would be a comhina-
tion of Taylor-tost-type experiments togoether with theoretical HEMP-code studies.
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